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ABSTRACT 
\ 
. 
The flow behavior near a'. c;ylinder-end wall junction is experimentally investigated 
using both· hydrogen bubble flow visualization and hot-film anemometry in a low-speed, 
free-surf ace water channel. -Flow visualization indicates that above a threshold Reynolds 
number a. system of "horseshoe" or "necklace" vortices forms about the base of the 
cylinder due to the pressure gradient-induced breakdown of the shear layers of the 
approaching boundary layer, and acts as the dominant flow structure in the region." 
Five distinct laminar flow regimes which exist under different flow conditions or 
geometries are des~ribed, two steady regimes at lower velocities, and three periodic flow 9 • 
regimes at higher velocities. The appearance of these flow regimes depends on a 
. . 
complicated relationship between free-stream velocity, cylinder diameter, fluid viscosity, 
and streamwise location. Using the results of extensive flow visualization, a flow regime 
chart is constructed which indicates the flow regime boundaries as a function of 8*/D and 
Re0 •. Both laws governing vorticity and recent developments in viscous-inviscid vortex 
interactions are employed to facilitate an explanation of the diverse behavior of the 
distinct flow regimes. 
The periodicity of the most periodic flow regime is -examined, and found to be a 
function of free-stream velocity, cylinder diameter, fluid viscosity, and streamwise 
location. The frequency qf periodic necklace vortex g.eneration increases linearly with 
free-stream velocity, decreases with increasing cylinde~ diameter, and decreases with /j 
in~reasing streamwise cylinder location. 
1 
.. , B 
I 
. \ 
i 
Above an upper critical Reynolds number, small disturbance£ in the {o~f hairpin-
like distortions. in the necklace · vortices amplify and feed back upstream, causing · three-
··d1111ensional. distortion of subsequent vortices. The c9herent necklace vortex system 
eventually breaks down to a transitional flow regime characterized by a large-scale 
·~ ... 
turbulent horseshoe vortex. ,· 
In the laminar flow regimes, the streamwise legs of the necklace vortices precipitate 
sutface behavior analogous to that observed in the near-wall region of turbulent boundary 
layers. An accumulation of low-momentum fluid, or a low-speed streak, is induced by 
the,,local pressure gradient imposed by each streamwise vortex leg. A burst-like event 
~ccurs when this ridge of low-momentum fluid reachs a point of interaction with the outer 
flow, yielding a train of hairpin vortices emanating from the emptive ridge . 
. 
I. 
. ..r~,,' 
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1. INTRODUCTION 
i-
' . 
· 1.1 General 
When a boundary layer flow along a surface. encounter~ a ~luff body obstruction 
' 
' 
(such as a cylinder or wing) extending from the surface, a complex, three.,.dimensional 
flow field develops in the vicinity of the obstruction. Flows of this nature arise in many 
cases of engineering interest, such as aircraft wing-fuselage junctions and turbomachinery 
I ,'}. ,·/} 
blade-rotor junctions. The three-dimensional flow behavior in the vicinity of the junction 
can be radically different than that of the two-dimensional flow away from the junction, 
• , 
and can significantly affect the flow field and the flow dependent conditions surrounding 
the junction. 
,. 
The mean velocity vectors in a boundary layer developing on a fJ.at plate with zero 
pressure gradient vary only in the direction normal to the plate, from O at the surface to 
• 
the free-stream value at the edge of the boundary-layer. However, the presence of a bluff 
body obstruction projecting from a planar surlace imposes a strong pressure field in the 
region surrounding the junction of the obstuction with the plate. The free-stream flow is 
able to negotiate this adverse streamwise pressure gradient, but low-momentum boundary 
layer fluid cannot, and undergoes a flow reversal, creating a region of flow separation just 
upstream of the junction. Boundary layer velocity profiles upstream of the leading edge 
of the obstruction become infl~ctiopal and unstable as they approach the separated region. 
The subsequent destablization of the boundary layer flow results in the development of ~ 
1.-.. .;. 
' 
. i 
' ~ . . 
' . 
\ 
·, 
·, 
3 
t 
'" 
., 
,, 
I, 
-
i 
spanwise vortices; fed by vorticity which is generated at the leading edge of the plate, and 
convects downstream through the shear layers in the boundary layer. I • 
• •• '" ,· -"' ,I' 
' 
' 
The cross-stream pressure gradients generated by the bluff body cause the boundary 
. 
. 
layer to skew symmetrically around the obstruction, giving. rise to spanwise velocity 
components which introduce a high degree of tlrree-dirnensionality into the flow. , 
Initially, spanwise vorticity is reoriented and concentrates about the junction of the plate 
and the obstruction. A system of discrete vortices forms about the base of the 
obstruction, with the vortex legs trailing downstream~ farming a characteristic "horseshoe" . 
or "necklace" vortex pattern (Figure 1.1). 
Flows of this nature, both laminar and turbulent, occur in many practical engineering 
cases and often have significant consequences. In the case of the junction of the conning 
tower of a submarine, the vortex system which develops at the junction increases local 
skin friction and drag. Also, the relatively intense vortex structures which trail 
II 
downstream result in' the generation of unwanted noise, and may interfere with the 
operation of the propeller blades.. The region of recirculation developed by a 
turbomachmery blade-rotor junction can significantly affect local heat transfer rat~s, 
resulting in thermal gradients within the blade. The increased local skin. friction created 
by an intense recirculation region about a bridge pier in the bed of a river can result in 
accelerated erosion about the base of th.e pier. 
The balance of· this introduction · reviews some of the previous research which is 
relevant to the present study. First, several investigations of the general behavior of 
4 
r·-
v--
,. 
' ·"
. ' 
. 
. 
_junction flows and the details of the resulting- ·necklace vortex system are discussed. 
Next, the results of both experimental and numerical simulations of isolated vortices andr 
their interactiorts with boundary layers are summarized .. These results aid in the analysis 
• 
of the behavior of the necklace vortex systems which were observed in this study. 
Several studies characterizing experimentally observed turbulent boundary layer flow 
: behavior, which have been attributed to the presence and influences of streamwise 
vortices in turbulent boundary layers, are then reviewed. Finally, the motivation and the 
objectives for the present study are discussed. 
1.2 Related Works 
1.2.1 General Junction Flow Behavior 
Several studies have sought to document the characteristics of juncture flows using 
techniques such as flow visualization,- surface visualization and hot-ftlm anemometry. 
Researchers have studied both laminar and turbulent flows, and noted that the flows 
exhibit similar general behavior with respect to upstream flow separation and the 
development of a necklace or horseshoe shaped vortex system. However, many distinct 
flow behaviors have been noted for the various 40~ geometries and conditions. While 
many details of the vortex systems and their behaviors have been documented, no study 
to date has successfully parameterized the flow conditions leading to the appearance of 
these distinct vortex system behaviors, or thoroughly explained the physical mechanisms 
. 
. 
resulting in the v·arious observed flow behaviors. 
D . 
5 
' 
,..:, 
" 
. . 
In a. study_ of the flow about a· cylinder. wholly immersed in the boundary layer, 
. 
Gregory and Walker (1951) used smoke to visualize the vortices which form about the 
.. 
b_~se of the cylinder. The ·-1e·gs of the vortices wrap around the cylinder and assui;ne- the 
.characteristic "horseshoe" vortex configuration. Th~ researchers studied the effects . of 
cylinder height on the junction region flow structure, and noted that variations in cylinder 
height affects the strength and character of the vortex system when the ratio of cylinder 
height to boundary layer thickness is approximately 1 or smaller. They also _noted that 
at very low flow velocities the horseshoe vortices do not form. In an independent study 
of small obstacles in a boundary layer (ratio of obstacle height to boundary layer 
.... 
thickness equal to or less than 1), Sedney and Kitchens (1975) observed similar behavior. 
Figure 1.2 shows a_ schematic -representation of the streamline behavior of two of the 
vortex configurations documented during that study. 
Schwind (1962) made a comprehensive study of the incompressible laminar boundary 
layer separation at the junction of a wall and a 60° included-angle wedge using smoke 
visualization. He noted the appearance of five distinct vortex system configurations or 
t) 
flow regimes, three of which are steady, and two of which are periodic. The vortices 
form along the end wall, and wrap around the wedge in a parabolic shape. In the steady 
flow regimes (which occur at low flow velocities), the boundary layer rolls up into one 
or two open vortices, which are fed by flow entering the vortices from upstream. In the 
periodic flow regimes (which occur at higher flo~ velocities), the vortices become closed 
(i.e. they are no longer f~d- by upstream flow) and move downstream toward the junction 
/ 
6 
• 
' 
I 
. I 
. of the wedge and the wall, and then upstream along_ the w·a11;-·,.· Schwind attempts to 
.. 
explain the existence of distinct flow regimes in terms of vorticity transp.ort and diffusion . 
.. 
He_exp1ains that'\as the flow velocity increases, the influx of vorticity convected through 
'· . 
· the upstream boundary layer into .the region surrounding the junction of~the wedge and 
the wall must also increase. The flow structure near the junction must adapt to maintain 
a balance of vorticity within the region by diffusion to the end wall surface. 
i ' 
The horseshoe vortex system forming in a laminar flow around the ~ase of a cylinder 
mounted normally to a flat plate in a wind tunnel was investigated by Baker (1979). 
Smoke visualization showed the existence of both steady and unsteady vortex systems. 
Baker measured pressure distributions beneath both types of vortex systems, anq 
documented the variation of the vortex position on the upstream plane of synunetry for 
the periodic flow regimes. Three different vortex behaviors were noted by Baker: 1) 
steady horseshoe vortex systems in which 1,2, or 3 vortices exist, each with an associated 
induced counter-rotating vortex, 2) horseshoe vortex systems which exhibit a regular 
oscillatory motion, and 3) · horseshoe vortex systems. which exhibit irregular unsteady 
behavior. Analysis of hot-wire anemometry_ data used to characterize· the behavior 
juncture flow revealed that at any one flow speed four different wave forms are present 
at different times: 1) a steady trace with no oscillations, 2) a low frequency oscillation 
fD/U=0.26, 3) a high frequency oscillation fD/U=0.40, and 4) an irregular turbulent trace. 
, At low flow speeds, the steady traces were most commonly observed. As flow speed was 
Wreased, the oscillatory and then the irregular flow behavior became most commonly 
7 
'· \ 
J 
1, 
,. 
, . 
., 
,pbserved. Baker conclude·d that the oscillations of the horseshoe vortices are not tied to 
>'•·•· 
! . 
the··cylinder shedding in the wake by altering the wake shedding patterns of the cylinder 
' 
. 
with a splitting plate, and detecting no change in the oscillatory behavior of the horseshoe 
vortex system. 
Devenport and Simpson (1987) examined the' flow of a ·turbulent boundary layer 
' 
around the nose of a wing-body junction using surface visualization and a three-
_component _laser dopplet anemometer. Oil flow visualization showed two distinct regions 
of separated flow divided by a line of low streamwise shear; an upstrea:m region 
,. 
characterized by low mean skin friction and thin, weak backflow, and· a a·ownstream 
region characterized by high mean skin friction and an intense region of recirculation. 
The anemometry data taken in the plane of symmetry revealed that two distinc;t flow 
• 
modes appear alternately at a given location; one of large backflow velocity (greater than 
the m_ean backflow), and one of near zero backflow. The time spent in each of the modes 
varies with postion, with more time spent in the backflow mode in positions closer to the 
wing. The authors suggest this behavior is due ·~o instantaneous large-scale fluctuations 
in the size and position of the junction vortex. 
Eckerle and Langston (1986) performed velocity and pressure measurements of a 
turbulent horseshoe vortex formed around a cylinder. The measurements were made in 
a. wind tunnel at a single Reynolds n0umber of 5.5 X 105 using end-wall static pressure 
taps and a 5 hole pi tot probe. Svrf ace visualization indicates that only a single primary 
vortex forms upstream of the leading edge. The behavior of the surface streak.s indica:tes 
8 
\ 
, .. 
/ .. 
)! . 
-1"" . \ 
., 
_; 
• 
. .. 
that the actual vortex formation does not occur in the plane of symmetry,. out at an 
angluar distance of approximately. ~5° away flm it. ~e velocity me:isllrements indicate 
th~t from the plane-_of symmetry outv.:ard to th~· 15~ plane, the·reverst flow near the wall 
"' 
. 
" 
(,r, i, . 
does not roll up into a vortex, but moves upf tream toward the separatio~ lin~, then veers 
. 
\~ I 
.l-
'f~ 
tangentially around thd cylinder. These fmdings are in contrast to the other studies '-
presented, . which indicate that a continuous vortex tube forms about the base of the 
obstruction. 
.... . 
/""'· / ~--~ 
1.2.2 Vortex-Induced Flow Behavior 
The interaction of a vortex in the vicinity of a solid wall creates very characteristic 
eruptive behavior of the wall-region flow. The necklace vortices which form about the 
cylinder-end wail junction in the present study induce strong vortex-boundary layer 
interactions which are instrumental in modifying the local dynamics. Therefore, an 
understanding of vortex-surlace interactions is helpful in explaining the physical 
mechanisms behind the observed behavior of the vortex systems. Several studies, both 
experimental and numen.al, will be reviewed which document flow behavior relevant to 
the evaluation of the flow behavior in the present study. 
Both Harvey and Perry (1971) and Walker-(1978) studied the flow induced near a 
ground plane by a vortex; Harvey and Perry experimentally examined a trailing tip vortex 
and W alk~r numerically examined a two-dimensional vortex. Both studies showed that 
recirculating eddies develop in the boundary layer near the planar surf ace due to the 
'· 9 
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pressure field induced by the main vortex. As the strength of these-secondary vortices 
increases, an upflow is induced betwee·n the vortices, which causes a: rapid thickening of 
::." 
~ . 
\ 
the local boundary layer. F~ally, the boundary layer fluid is rapidly lifted away fr~m the 
surface, re~~ulting in a boundary layer eruption which interacts with the outer flow. The 
secondary vortices are ejected into the outer flow during the process. Figure 1.3 
s·chematically illustrates this process. 
A similar vortex-surface interaction process was documented by Walker et al. (1987) 
-
~ . 0 
using numerical simulations supported by experimental observa~S of the flow induced 
by a vortex ring approaching a plane wall. Both experimental· and theoretical results 
show that a secondary vortex ring of opposite rotation is induced in the boundary layer 
as the primary vortex ring approaches the wall.· The boundary layer rapidly thickens 
between the vortex rings, and a strong viscous-inviscid interaction occurs between the 
boundary layer and the outer flow. The secondary vortex is ejected into the outer flow 
during this interaction; in some cases the primary vortex will induce the formation of an 
additional tertiary vortex following ejection of the secondary vortex. .. 
'• 
Most recently, Peridier and Walker (1989) numerically simulated vortex-induced 
boundary layer separation using asymptotic theories and a Lagrangian numerical algorithm 
• 
to calculate the flow, enabling the solution to be extended further than had been possible 
using traditional Eulerian approaches. The flow induced by a two-dimensional vortex 
above a plane wall was simulated using this advanced Lagrangian approach. A secondary 
counter-rotating eddy develops in the numerical results as expected. A strong upflow is 
. ' , 
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induced between the primary apd secondary vortices, resulting in a lift up of the boundary 
layer. In general, numerical schemes have difficulty continuing sol~tions near a stage of 
·~ 
. 
' 
flow separation due to the extreme velocity gradients which are present near the point _of 
separation. However,~ this case the solution is .extep.ded10 the point of boundary layer ,. 
separation, and· the characteristic· ejection of the secondary v.ortex is successfully 
i, 
simulated. Although the numerical solution could not be continued past the point of 
viscous-inviscid interaction, the numerical results of this study are of value in illustrating 
the complexity of the physics of v-ortex-surf ace interactions. 
1.2.3 Coherent Flow Structures in Turbulent Boundary Layers 
Over the1·past 30 years, researchers have discovered that the chaotic flow behavior 
i 
referred to as turbulence is actually comprised of coherent flow structures which behave·, 
in a systematic, cyclic manner. Rundstacller et al. (1963) first documented the presence 
of recognizable low-speed streaks oriented in-the streamwise direction in the near-wall 
region of turbulent boundary layers. That study also revealed that these low-speed streaks 
eventually lift away from the wall~ appearing to destablize and burst due to an interaction 
with the outer flow. Kim et al. (1971) established that the bursting of these streaks is a 
critical turbulence generating mechanism .. 
I 
The observed behavior of low-speed streaks and turbulent bursts in turbulent 
boundary layers· has been attributed to the presence of streamwise counter-rotating 
. -.-.-~ 
';.;,, 
vortices in the near~wall region. The work of Blackwelder and Ecklemann (1979) 
11 
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demonstrated that velocity gradient patterns indicative of counter-rotating streamwise 
vortices can be detected during the bursting process in th~ near-wall region. Smith and 
·• ls 
Schwartz (1982) visually confmned the existence of streamwise vortices in a turbulent 
boundary layer, and their association with the· formation of low-speed streaks. 
Numerous researchers have suggested hairpin vortices as the primary flow structure 
responsible for coherent behavior observed in turbulent boundary layers (Theodorsen 
1952, Willmarth and Tu 1967~ Offen and Kline 1975, Perry and Chong 1982, Smith 1984 
.. 
1 
and many others). The observed counter-rotating streamwise vortices are_modelled as the 
•, trailing legs of hairpin vortices, which are stretched by the streamwise mean flow. The 
low-speed streaks are hypothesized to be generated due to the accumulation .of low-
momentum fluid between the counter-rotating legs. As these low-~peed streaks grow, 
they lift away form the wall, and interact with the outer flow, resulting in the observed 
bursting phenomenon. Figure 1 ~4 schematically illustrates the hairpin vortex 1nodel for 
single-streak generation by the cumulative action of the c·ounter-rotating legs. 
Smith and Acarlar (1987) detailed the behavior and characterisitcs of hairpin vortices 
generated by the shedding of a hemispherical protuberance. Their study demon.strates that 
hairpin vortices generated in an qtheiwise laminar environment are capable of generating 
visulaization patterns and velocity statistics consistent with those observed in turbulent 
boundary layers. Their results strongly support the hypothesis that hairpin vortices play 
' 
an _integral role in the behavior of tutbulent boundary layers. 
More recently, Haidari (1990) studied the growth and behavior of single hairpin 
\ 
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vortices, showing that the development of streak-like patterns .can also be associated with 
' •' 
~ . . 
each leg of a h~irpin vortex as well as with both counter-rotatipg legs, as shown in Figure 
I .5. The mod~ of _streak development eepends on the strength and spanwise scale of the 
. "' 
hairpin structure relative to the boundary layer. thickness, with the streaks associated with 
individual legs of the hairpin vortices appearing to be more prevalent. 
. 
~ 
/ 
1.3 Objectives 
...... 
The general flow behavior of a boundary layer along a surface confronted by a bluff 
body obstruction has been documented in a number of previous studies. The dominant 
flow feature in these cases is a system of horseshoe or necklace vortices which forms 
a 
along the end-wall and wraps about the base of the obstruction. Previous studies have 
established that several distinct flow regimes may appear, depending on the particular 
flow conditions and geometry. While many details of the behavior and character of these 
flow regimes have been presented, no study to date has offered a complete picture of the 
. 
statistical characteristics and physical mechanisms responsible for· the existence of the 
distinct flow regimes and the behaviors exhibited within the flow· regimes. 
The present study is twofold. In the first part of the study a detailed examination and 
characterization of the junction flow about a family of cylinders of different diameters is 
· done. Particular objectives for this study are: 
(i) To describe _and characterize the discrete regimes of behavior of the necklace 
vortex system over a range of flow parameters, and compare and contrast the ~b~erved 
,· 13 
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. behavior with the results of previous studies; 
,. 
,. ~ 
(ii) . To establish the role of the various flow parameters (U, D, ,8*, etc.) in 
. determining. the, flow regime present for a given"set of flow conditions; 
(iii) To examine the periodicity of·the unsteady flow regimes, and to characterize the . 
periodicity in relation to the relevant flow parameters; 
' 
(iv) To establish the mode of development ,of the 'transitional behavior of flow near 
the junction, and identify the ,flow processes which initiate transition to a turbulent flow 
" 
pattern. 
The second thrust of this study is to investigate the interactions of the necklace 
vortices and their induced flow structures with the surrounding flow. The objectives of 
this part of the study are: 
(v) To determine the interaction of the~necklace vortices with the surface flow near 
the plate, and establish the nature of the induced flow structures; 
(vi) To use the results of (v) to facilitate an explanation of the diverse behavior of 
the distinct flow regimes; 
(vii) To compare and contrast the flow induced by the streamwise legs of the 
r· 
;~µ 
necklace vortices to similar studies of interactions between isolated vortices ~d boundary 
layer flow, and establish analogies between the necklace .vortex leg-surface interactions 
and the development of flow structure in turbulent boundary layers. 
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Figure 1.1 The Characteristic "Necklace" or "Horseshoe" Vortex Pattern. 
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Figure 1.2 Side-View Schematic of Streamlines in the Plane of Symmetry of a 
. Small_Obstacle Separated Flow Showing: (q) A Six Vortex 
Configuration, and (b) A Four Vortex Configuration. 
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Figure 1.3 Schematic Illustration of a Vortex-Surface Interaction. 
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- 2. EXPERIMENTAL APPARATUS 
- 2.1 Water Channel 
Experiments were conducted in a recirculating, free-surface ple~iglass water channel 
located in the Lehigh University Fluid Dynamics Research Laboratory. A schematic of 
.. 
the water channel system is shown in figure 2.1. The channel features _ a 5 ,m long 
• A/ 
working section of width 0.9 m and max·imum depth 0.38 m. Water depth was 
,. maintained at approximately 0.35 m during these studies. Flow is driven by a horizontal, 
• 
' 
split-case, centrifugal pump powered by a We·stinghouse variable- speed, feedback-
controlled, 7.5 horsep~wer, DC motor. Water is fed to the inlet tank through a 
distribution manifold, then passing t~ough ·a 15 cm thick plastic sponge which improves 
unifonnity. Two 20-mesh, stainless steel, turbulence. control screens and a 7.5 cm long, 
0.8 cm cell, honeycomb flow straightener establish undisturbed, uniform flow .. A 2: 1 inlet 
contraction reduces the relative magnitude of any remaining nonunif ormities in the 
wqrking section. 
The channel can provide stable flow through a range of speeds from 0.01 m/s to 0.4 
m/s. Slightly higher flow speeds are generated by reducing the water depth. A 
tachometer, used as a feedback control for the motor, indicates motor RPM, which is 
calibrated to the channel flow speed. Free-stream turbulence intensities near the 
beginning of the test section are less than 0.2 percent at a flow velocity of 0.12 m/s. 
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2.2 Traversing Platform 
Ii}' 
A traversing platform capable t?f traveling the len~th of the working section· of the 
~.~ - channel was used extensively in · flow visualization and anemometry st1;1dies. The 
" 
... 
platforni, shown in figure 2.2, traverses along two 4.1 m long cylindrical stee~ rails · 
;!. .. 
. (\ 
supported by mounts located at 0.3 m intervals on each side of the charinel frame. A 
one-horsepower Reliance Electric motor drives the platform through a range of sp~eds 
from 0.01 m/sec to 0.24 m/sec in either· direction. OJ:,servatiqn:'~·camera~ or flow probes 
. "' 
mounted on the platform can be easily and accu(ately positioned at any location within 
. the workir1g section of the channel. The motor-driyen platform is also used for calibration 
of hot-film probes. 
2.3 Experimental Parameters 
All cylinder studies were conducted on a 2.6 m long, 12· mm thick, flat plate with an 
elliptical leJ:g edge. During the present experiments, the plate was located 1.5 m 
downstream from the beginning of the working section. The plate rests on four sets of 
three spanwise supports which elevate it 10 cm above the channel floor. A standard 
Blasius flat plate solution, shown to reflect empirical results within 3% for the present 
-
flat plate test ·section, is used to calculate local boundary layer thickness. A range of 
boundary layer thicknesses from 0.1 cm to 2.1 cm can be developed with this flat plate 
test section. 
Cylinders of diameters 2.5 cm, 8.9 cm, and 24.1 cm were used in this study to allow 
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ex.amination of a wide .range of ,dynamic parameters, including 1··regions of overlap for 
' . 
cross-comparison of flow behavior. Reynolds numbers based on cylinder diameter from 
350 to 32,000 can be attained. Cylinders can be located. any.where on the plate, but were 
generally located on the··plate· centerline to preseive symmetry. Since drag forces are 
minimal, cylinders can be simply set on the surface; special mot1nting_ or support methods 
are not necessary. The cylinder end-faces are carefully machined to insure there is no 
leakage beneath the cylinder-plate junction. Detailed dye studies indicated that no 
junction Jeakage was present. 
:·> 
. . 
2.4 High-Speed V.ideo System 
An INSTAR high-speed video system from Video Logic Corporation was used to 
record flow visualization information obtained during this study. The system operates at 
120 frames per second, with a synchronized 1000 watt high intensity strobe light 
providing an effective shutter speed of lOµs (strobe flash duration). The cameras are 
-
fitted with conventional 6: 1 zoom lenses and various close-up lenses allowing ·detailed 
observation of flow structures ori the order of millimeters from a distance of 0.5 m. 
Images are viewed on a 250 horizontal raster line monitor with a sweep frequency of 25 .2 
kHz. The monitor allows split~screen viewing and recording of two simultaneous camera 
feeds. 
... 
~ -
Video data is recorded on one-inch magnetic tape and can be played back in real time 
or O to 15 percent of real time in a slow motion mode. Images can be played in slow 
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· motion reverse as well. Single-frame .sequencing ·a11ows detailed study of recordings and 
acquisition of single-fr~e scenes using a 35 mm camera. The video system is described 
in further detail by Smith (1982). i'.,I 
2.5 Hydrogen B~bble Visualization 
Hydrogen bubble visualization was used extensively to characterize flow patterns and 
mark significant flow structures examined during this stuqy. An electrolysis reaction is 
used to generate hydrogen bubble time lines, the deformation of which characterize and 
,, 
visualize local flow behavior. A 25µm wire is employed as the cathode and a 0.6 cm 
carbon rod as the anode in the electrolysis circuit. The wire is soldered to the legs or 
struts of a_ hydrogen bubble probe consistirig of insulated brass rods joined in various 
orientations depending on experimental demands. Some common probe arrangements 
employed are shown in figure 2.3. 
A high-voltage pulse generator creates a variable frequency potential difference across 
the cathode and anode causing hydrogen bubbles to form at the cathode and oxygen 
bubbles at the anode. The thin platinum wire generates extemely fine bubbles which are 
only slightly buoyant, an essential feature for flow visualization purposes. Pulsing the . 
. . 
current density through the bubble wire generates fme time lines of hydrogen bubbles 
which move with the flow, illustrating local spatial-temporal behavior. Sodium sulfate 
is added to the water to increase the number of free ions· and reduce the potential 
difference necessary to g~nerate an appropriate hydrogen bubble density. The ·pulse 
., +· 
' 
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generator can be adjusted . for a broad range of frequencies- and pJ.I1se· durations. The 
' 
-
frequency of the pulse generator and the INST AR system were synchronized during video 
recording. ···A schematic of the visualization system is shown in figure 2.4. 
L,, 2.6 Visualization Techniques 
Flow visualization during this study was challenging due to the inherent three-
. 
dimensionality and small scales of the flow structures examined. As shown in figure 2._2, 
side and plan views are obtained from cameras mounted on the traversing platform. For 
oblique views, the side-view camera is raised and angled downward. End views are 
obtained by the use of a mirror, located on the test plate, and angled at 45° to the flow 
as shown in figure 2.5. The mirror is located as close as posssible to the flow structure 
being studied without interfering with the flow patterns. 
Optimal lighting is critical in order to capture the details of flow structures during 
video recording. The 1000 watt strobe previously described was used exclusively during 
this study. Black cardboard is attached to the walls and floor of the channel to provide 
a dark background. Maximum contrast between the hydrogen bubbles and the 
background is achieved by selectively blocking out .extraneous light from reflections and 
bubbles not in the field of view. Judicious location of black cardboard shields was used 
to generate light sheets for illumination of specific regions of the flow. Figure 2.6 
illustrates configurations which are particularly useful for side and end views. 
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2. 7 Hot-Film Anemometry 
' 
. . 
Selected flow velocity measurements were obtained using a DISA 55D01 constant-
• 
". 
" 
,, • 
w 
1 
• 
0 
temperature anemometer with both DISA 55R15 ~Q 55Rll hot-film probes. A DISA , 
55H22 probe support was mounted in a DISA 55E40 traversing mechanism which was 
' 
,, 
•/ 
attached to the traversing platform described in section 2.2. Anemometer output is 
' 
,monitored by a Data.Translation DT2818 12-bit analo~fo-digital converter and a Zenith 
Model ZBF-2526-EK personal computer. The traversing platform, computer, and 
.. 
anemometer are all mutually grounded to avoid extraneous electrical signals from 
affecting the data acquisition. A schematic of the system is shown in figure 2.7. 
An in-house data acquistion program (ALT), written in C language, was used to 
"' 
collect and manipulate data. The program is used to calibrate the hot-ftlm probe, set data 
acquisition parameters, view data plots, and store collected data. The program also 
computes mean velocities, turbulence intensities, third and fourth moments, and performs 
spectral analyses. Raw data is converted using a fourth-order voltage-velocity calibration 
curve. 
Since long-term v~iations in water temperature and deposition of contaminants on 
the probe can change the heat transfer characteristics of the probe, a new voltage-velocity 
· curve· was obtained prior to each data run to establish calibration data. The hot-film 
probe was mounted on the traversing platfo1}11, which was traversed at a known velocity 
through a quiescent channel. For each traverse speed, data sets of 1024 points taken at 
. 
. 
0.010 s intervals were obtained. From each data set, the mean voltage was established 
2~ 
. , . . . \, 
.. 
, 
} 
'· •• 1 
. ,.,; 
. . 
' -
for a range of ten platform velocities from O ~o 0.23 m/sec. A fourth-order curve fit of~ 
"' ·~. 
the ten data points was used to establish the voltage-velocity calibration curve. 
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Figure 2.2 End-view Schematic of the Water Channel (flow is out of page). 
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3. EXPERIMENTAL RES UL TS 
3.1 Introduction The following chapter presents the results of the hydrogen 
,• 
, bubble visualization and hot-film anem,ometry study of the junction flow about a cylinder . 
mounted on a flat plate. The order of presentation of results is as, follows. First, the 
general· flow behavior in the junction region, as determined by flow visualization, is 
described and categorized. A series of discrete flow regimes .are documented, and related 
to relevant experimental parameters. Next, the breakdown of the laminar flow patterns 
in the boundary layer upstream of the cylinder due to the upstream propagation and 
amplification of flow instabilities is documented. Transitional boundary layer behavior 
and associated flow patterns are then presented and described. 
Attention is then focussed on Regime 5,_ which is characterized ~y the periodic 
development and subsequent stretching of necklace vortices around the base of the 
cylinder. An attempt is made to characterize the frequency of the transient necklace 
vortex generation according to relevant experimental parameters. Next, visualization and 
hot-film anemometry results are used to examine the flow outboard of the cylinder where 
• 
the necklace vortex legs are oriented in the streamwise direction and precipitate eruptive 
surface flow behavior analogous to the behavior in the wall region of a turbulent 
boundary layer. 
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3.2 ·observed Flo~ Regim,es 
3.2.1 General Flow Behavior 
As a flow approaches a cylinder . end-wall · junction, it · experiences · a strong 
deceleration, and th~ an adverse pressure gradient. The pressure gradient has the most 
significant effect on the low-momentum fluid in the end-wall boundary layer, which 
undergoes a symmetric, local separation creating a crescent-shaped region of separated 
flow bounded by a line of separation near the cylinder-plate.junction. Figure 3.1 ~hows 
the general configuration of the necklace vortex system which develops n~ar the·· cylinder 
end-wall junction for a laminar approach boundary layer. 
As the boundary layer approaches the cylinder, velocity proftles become inflectional 
due to the imposition of the adverse pressure gradient. Above a threshold Reynolds 
number·- (dependent on. cylinder diameter and streamwise location), the inflectional 
Cl 
velocity proftles destablize and the impinging bound shear layer rolls-up, fonning 
" 
necklace vortices about the base of the cylinder. Subsequent development of periodic_ 
behavior of the necklace vortices is the result of eruptive "severence" of the necklace 
vortices by strong viscous-inviscid eruptions due to the interaction of the vortices with· 
the surface fluid. For a frxed geometry (cylinder diameter, cylinder x-location etc.), the 
flow passes through a s·eries of distinct flow regimes as Reynolds number is increased. 
• • 
' 
I ·" ~ 
·· The five laminar flow regimes are characterized by the development of single or multiple 
· coherent vortices which may be~ave either steadily or periodically. As indicated in 
Figure 3.1, vortices develop initially in the spanwise direction on the symmetry plane, and 
35 
... 
·. 
-~ .. 
I J.1 
-~ 
,, 
'~, 
\ ,.I 
' . 
" 
. \;'~;~, 
~ ... 
,.. 
are swept about the base of the cylinder into the necklace vortex configuration. The 
' 
\ di . 
. - . 
vortex1egs trail downstream in a streamwise orientation, eventu.ally breaking down behind 
the cylinder. At higher Rey-nolds numbers, the coherent necklace vorticies breakdown due· 
to three-dim~nsiortaf instabilities, and coalesce into a single turbulent, unsteady horseshoe 
. . tf~. 
vortex that is geometrically similar to the laminar necklace vortices. 
3.2.2 Visualized Flow Regimes 
A series of distinct flow regimes were observed using hydrogen bubble visualization. 
For the range of conditions examined, it was determined that the behavior and 
configuration of the necklace vortex system falls into one of a set of distinct flow 
regimes, which are a function of the geometric and flow parameters. For a fixed 
geometry, the flow regimes appear in an ordered progression as velocity is increase1 . 
• 
Although subtle transitional behavior can develop (i.e. where two regimes may alternate 
intermittently), the progression of the system of vortex flow regimes with increasing free-
stream velocity is consistent for all geometric cases studied. For each fixed geometry, 
the same orderea sequence of flow regimes were observed to develop as flow velocity 
was increased. Variation of geometric parameters, such as cylinder diameter and 
streamwise location, only affects the free-stream velocity range over which a particular 
regime will be observed. In the following sections, descriptions of the individual flow 
regimes will be presented in the order that they are observed with increasing flow velocity 
for a 2.5 cm diameter cylinder located 50 cm from the leading edge of the plate. F.igure 
' . ~ ... 
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_ 3.2 shows the range of Reynolds numbers over which each flow regime w.as observed for 
this specific · case. The same progression of flow regimes· is obs~rved for other 
geometrical cases, but the Reynolds number range ov~r which these regimes occur varies 
with each geometry . 
. At initially low Reynolds numbers (Re0 =750, Re0*=200), no necklace vortex 
formation or significant junction region separation can be detected using hydrogen bubble 
visualization. These conditons are typically experienced for the 2.5 cm cylinder located 
10 cm or less from the leading edge of the plate and channel velocities qelow 0.030 m/s 
(Re6* 20_0). It is possible that a very weak vortex structure may develop, however, the 
flow moves so slowly in the junction region that the effects Cit' bouyancy on the,Jhydrogen 
bubbles begins to restrict their usefulness in accurate! y m1arking the · flow. Also, the 
( 
minimal boundary layer which develops near the beglllJling of the plate further increases 
the difficulty of observation of small-scale flow structures, which are on the order of the 
boundary layer thickness. 
,. 
Schwind (1962), examining the junction region of a V-shaped wedge in an air flow, 
'identified a comparable flow regime at low Reynolds· numbers for which no vortices were 
present, but a distinct line of separation could be identified. He also notes two difficulties 
,.,. 
in the visualization of this flow behavior using smoke injection in a wind tunnel operating 
at near minimum velocities. The frrst is that the scales of the flow structures are so small 
that detection is visually uncertain. The second difficulty was that his wind tunnel system 
failed to provide a consistent flow at the minimal velocity necessary to effectively 
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examine this low-end flow behavior. · The general observation_ is that an organized·. 
neckl~ce vortex· flow does not appear until Re6.=200 for the particular .flow geometry 
I '· 
being described. 
,,!,,_,· 
,. 
. ' ' 
. 
' 
Regime 1. As the free~stream _velocity is increased to 0.030 m/s (Re~*=200),. an 
initial necklace vortex system develops. A single, steady necklace vortex, with a ' ' 
clockwise rotation '(negative vorticity) for flow moving left to right, consJitutes the frrst 
flow regime. Figure 3.3 shows a side and plan view of this vortex system for the 2.5 C:Ql 
diameter cylinder. The vortex is marked by hydrogen bubbles fed into the flow using a 
spanwise, hydrogen bubble wire located approximately 2.5 cm upstream of the cylinder-
plate junction and 1.5 cm above the plate. The effectiveness of the flow visualization is 
still limited at this stage due to the buoyancy and scale difficulties mentioned above. 
Thus, the quality of the photographs is less than desirable. The hydrogen bubbles which 
,/ 
J feed into the vortex spiral away from the plane of symmetry, along the axis of the vortex 
and remain trapped in the vortex. 
The legs of the vortex trail downstream in the streamwise direction, eventually 
destablizing and breaking down in the wake of the cylinder. The reason for the eventual 
breakdown of the streamwise legs is discussed in section 3.3.3. The vortex legs are also 
I 
influenced by the Strauhal vortices, developing in the _wake of the cylinder, which often 
entrain the necklace vortex legs. For the 2.5 cm cylinder, the legs remained coherent up 
to ,5 diameters _downstream of the cylinder. For the larger diameter cylinders, the 
" 
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breakdown of the vortex legs occurs much sooner, usually within 1 or 2 diameters 
i 
I 
I ' 
downstream of the cylinder. In. general, the' smaller the cylinder diameter, the farther (in 
J 
cylinder diameters) the necklace vortex would persist downstream without experiencing 
-" a breakdown or entrainmen~ b~ the Strouhal vortices. 
Regime 2. The second flow regime begins subtly at a free-stream velocity· of 0.05 
m/s (Re8.=255). As shown in Figure 3.4, a second necklace vortex, rotating again .in the 
· clockwise direction, appears upstream of the first vortex. In this case, the hydrogen 
bubble wire is located 6 cm upstream of the cylinder-plate junction and 1.5 cm above the 
plate surface. The core of the vortex nearest the cylinder (the primary vortex) forms 
approximately 1.25 cm upstream of the cylinder. The core of the vortex upstream of the 
\ 
primary vortex (the secondary vortex) forms roughly 2.0 cm upstream of the cylinder. 
As shown in Figure 3.4, bubbles entering the flow in the boundary layer upstream of the 
separation line either: 1) feed directly into one of the two main vortices, 2) pass above 
the main vorticies, entering the separated region downstream of the vorticies, near the 
cylinder wall, or 3) pass around the cylinder along the separation line. That fluid which 
is entrained into the vortices spirals away from the plane of symmetry. Initially, the 
secondary vortex is relatively weak, drawing in few hydrogen bubbles. As the free-stream 
velocity is increased, the secondary vortex increases in strength, entraining more hydrogen 
bubbles and increasing its rate ~f rotation. Both the primary and secondary vorticies are 
steady with respect to-position and strength for a given flow condition.-
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A small vortex,· rotating opposite to the primary and secondary· vortices, develops . 
\ 
~i 
between the main vortices, adjacent to the the plate, consistent with· the observations of 
Schwind (1962). Figure 3.4c shows a visualization ·revealing the presence of this small 
, 
counter-rotating vortex. This counter-rotating vortex is of smaller scale and weaker 
rotation than the main vorticies, and proved to. be quite difficult to visualize. As noted 
above, all hydrogen bubbles mtroduced into the flow upstream of the separation line are 
either fed into one of the main vorticies or pass around the cylinder. The counter-rotating 
vortex is only observable when the hydrogen bubble wire was located such that ·bubbles 
were fed directly into the counter-rotating vortex. When bubbles were fed directly into 
the counter-rotating vortex, no bubbles would mark the main vortices, which indicates that 
the counter-rotating vortex is closed. 
The vortex legs trail downstream in the streamwise direction and breakdown due to 
flow instabilities and interaction with the cylinder Strouhal vorticies, essentially the same 
as in Regime 1. For the 2.5 cm cy,linder, the vortex legs became unstable, breaking down 
between 2 and 4 diameters do'Ynstream of the cylinder. The vortex legs were observed 
to occasionally intertwine and coalesce as they bec~e unstable, hastening their 
ti 
breakdown as coherent structures. 
Regime. 3. As Figure 3.5 shows, a third steady vortex was often observed to develop 
upstream of the primary and secondary main vortices of Regime 2. The photograph 
shown in Figure 3.5a is of a three vortex flow pattern observed for the 8.9 cm cylinder~ 
I' 
I 
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This same three-vortex behavior was observed for the 2.5 cm cylinder at a flow speed
 of 
,. 
0.060 m/s (Re6*=280). As shown in the schematic of Figure 3.5b; two small, ·'"counter-,,. 
rotating vortices, not observable in the photograph, are induced betwee~ the main vor
tJces 
similar to the one counter-rotating vortex observed for the steady two vortex system. 
The 
,.,-······ 
third or tertiary necklace vortex is observed to be much weaker than the other m
ain 
....... 
..... 
<., 
vortices. For some flow geometries, particularly for the two larger diameter· cylin
ders, 
the tertiary vortex only appeared over a very narrow range of flow speeds (on the order 
of 0.002 m/s for the 8.9 cm cylinder). In some cases, the tertiary vortex would not 
develop at all before transition to Regime 4. 
At a velocity of 0.068 m/s (Re0*=298), the frrst indication of ·unsteadiness appears 
as the primary ·and secondary vortices begin to periodically oscillate out of phase. 
The 
vortices are observed to move toward each other, reach a minimum separation dista
nce, 
.. 
then move away from each, other. The vortices do not coalesce or amalgamate at
 any 
point in the cycle, and maintain a constant average distance from the cylinder ove
r the 
cycle. When a tertiary vortex is present, it will oscillate out of phase with the seco
ndary 
' 
vortex. In some cases a third vortex does not develop prior to the onset of oscillat
ions. 
\. 
After the onset of oscillations, !!!creasing the Reynolds number may or may not resu
lt in 
a t}:lird vortex intermittently developing before the flow progresses to Regime 4. Note 
that the general oscillatory behavior of the prim,ary and secondary vortices app
ears 
unaffected by the presence or non-presence of a tertiary vortex. Figure 3.6 is a schem
atic 
~ 
"'· 
of a two vortex system exhibiting this oscillatory flow behavior. Aside from the obse
rved 
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oscillations, the flow behavior. and geoIJ1etry in this case are similar to that in Regime 2 . 
. 
The frequency of the osc~ations increases with increasing flow speed as does the relative 
~plitude, and _does not appear to b~ a function of the cylinder Strouhal shedding ) 
",·-
' -
\... 
frequency. Schwind (1962) noted a similar type of oscillatory behavior and classified it 
as a transitonal phase·, not a distinct flow regime .. 
. I /- -· 
Regime 4 At a velocity of 0.075 m/s (Re0*=313) the vortex behavior becomes much 
more complex due to the increasing interaction betweeen the necklace vortices in· the 
! 
region of separation. The -cyclic behavior of the vortices in Regime 4 is illustrated in 
Figure 3.7 using a schematic and a photographic sequence for flow about the 8.9 cm 
cylinder. At the beginning of this regime cycle, the vortex nearest the cylinder (the 
primary vortex) moves downstream toward the cylinder. The ,primary vortex is stretched 
as it approaches the cylinder. Suddenly, the primary vortex reverses direction and moves 
upstream near the plate surface. For the particular case shown if! Figure 3.7b, the primary 
vortex core moves approximately 2.0 cm downstream, to within 3.0 cm of the cylinder 
leading edge, before moving back upstream. As the primary vortex begins the upstream 
leg· of its cycle, a secondary vortex, located 6.0 cm upstream from the cylinder, begins 
to move downstream toward the primary vortex. U~ike Regime 3, as the primary and 
secondary vortices approach, they are observed to coalesce as shown in Figures 3.7b(l) 
I 
and 3.7b(2). During this coalescence, the primary vortex moves beneath and around the 
· secondary vortex at a location approximately 5.0 cm upstream of the cylinder. This 
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coalesced· vortex now becomes the primary vortex for the next cycle. The generation of · 
a subsequent secondary vortex appears to be stimulated by an eruption of rever~e flow, ' . . 
which emanates sharply up from the plate surf ace, just upstream of this amalgamated 
vortex, as shown in Figures 3.7b(2) and 3.7b(3). , This eruption may occur before or 
. 
' 
during ,the coalesence of the initial primary and secondary vortices. The vortex that 
develops following this eruption becomes. the secondary vortex for the following cycle. 
Note that with the 8.9 cm cylinder located 90 cm, from 1the leading -edge of the plate and ,· 
at a free-stream velocity of 0.040 m/s {Re6*=307), an upstream (tertiary) vo·rtex was C 
observed to develop prior to the coalescence of the primary and secondary vortices. This 
_.,. 
suggests that the coalescence process does not necessarily trigger the. development of the 
next upstream vortex. 
Regime· 5 As the velocity is increased to 0.100 m/s (Re6*=360), Regime 4 evolves 
into a different periodic flow pattern, as shown in Figure 3.8a. Figure 3.8b is an oblique-
view photographic sequence of Regime 5 behavior for the 24.1 cm cylinder. In Regime 
5, necklace vortices develop periodically just downstream of the separation line, moving 
smoothly downstream toward the cylinder-plate junction. The necklace vortices form 
approximately 5 cm upstream of the cylinder leading edge for the 2.5 cm diameter 
cylinder. In Figure 3.8c, a side-view photographic sequence of flow upstream of the 8.9 
cm cylinder is shown. As illustrated in figure 3.8c, some hydrogen buqbles entering the 
separated region from upstream are fed directly into a developed vortex. Other bubbles 
• 
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rriark" the flow· which feeds the formation of a ·new vortex. In Figure .3.8c(2), the flow 
feeding into the new vo~ex is sharply decelerated, then drawn toward the plate. As the 
', 
marked flow moves down toward the plate, the adverse pressure gradient imposed by the 
presence of the cylinder drives the marked fluid back upstream (Figures 3.8c(3,4)). As 
shown in Figure 3.8c(5), the line of bubbles moving upstream talong the plate surface 
develops a small upwelling or kink a distance on1' the order of one vortex diameter from 
the point at which the bubbles first turned upstream (approximately 0.6 cm for the 2.5 cm 
cylinder). The kink increases in magnitude as the fluid mo\ring upstream along the wall 
i.ifts or erupts away from the plate. Eventually (Figure 3.8c(9)), the bubbles lift far 
enough away from th-~ plate such that they contact the line_ of bubbles being fed into the 
separated region from upstream. This event marks the closu.re of the vortex. When fully 
.. ,,:.' ' 
developed, the vortex is. convected downstream and the formation process of the next ; . 
vortex begins. 
., ___ _ 
During the necklace vortex formation process, the developing core moves slowly 
• • 
downstr~am. As the necklace vortex becomes fully developed, the vortex becomes 
closed, no longer drawing in boundary layer fluid. At this point, the vortex moves more 
rapidly toward the cylin.der •. Figure 3.9 is a temporal plot of the position of the vortex 
core over the course of its evolutiop. for the 8.9 cm cylinder. The core of the vortex 
remains at essentially a constant vertical distance from the plate over the course of its 
evolution until interacting with the next incoming vortex near the cylinder-plate junction. 
As ~,,shown in Figure 3.8a(l), as the necklace vortex moves downstream, the vorticity in 
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the vortex core intensifies due to stretch~g of_ ~he legs: ·of the vortex. This rapid 
· stretching develops- as the vortex tube bends around the cylinder a:µd the ends are 
- advected strongly downstream. After the highly stretched vortex tube advances to withm 
. 
. 
1 cm of the cylinder-plaJe junction it appear~ to stagnate (Figure 3.8a(2)), but continues 
.. 
,.to reduce in cross-section due to stretching. As the next vortex approaches the cy~inder-· 
plate junction (Figure 3.8a(3)), the v~rtex closest to the cylinder (.i.e. the stretched 
primary , vortex) moves upstream and toward the plate under the influence of the 
oncoming vortex. As shown in Figure 3.10, the highly stretched primary vortex moves 
beneath the core and is entr~ed by the impinging vortex. In contrast to Regime 4, ~he 
vortex coalescence occurs near the cylinder-plate junction rather than near the vortex 
generation· region .. · .... The nature of th~ voriex interaction is complicated and will be 
discussed in the next chapter. At any time. two to four transient vortices will be present 
in different stages of development. The number of vortices present and the frequency 
~ ,., 
with which they develop increases with increasing free-stream velocity. The generation 
frequency of Regime 5 is examined quantitatively in section 3.2.2. 
Transitonal Regime When the free-stream velocity increases beyond 0.190 m/s for 
the 2.5 cm cylinder (Res.=500), the coherent necklace vortices become distorted and 
kinked along their length, passing through a type of transitional breakdown. A region of 
, 
complicated three-dimensional flow develops near the cylinder-plate junction as the 
laminar boundary layer flow becomes transitional. Breakdown of the , laminar flow 
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structure occurs when small disturbances in the flow are amplified by the stagnation· ·. . .. 
region pressure gradient, initially appearing as small undulations in the necklace vorti~es. 
. ,-i· 
Figure 3 .11 schematically illustrates a typical breakdown of a laminar necklace vortex 
pattern. The disturbances ~ausing the vortex distortion may either originate upstream . or . 
be fed upstream by the reverse flow from the cylinder-plate junction. Regardless, a kink 
or asymmetry appears in the developing necklace vortices. Once they appear, these these 
three-dimensiqnal kinks in a necklace vortex appear to disrupt the f onnation process of 
subsequent necklace vortices by an upstream feedback process, probably in the separaJion 
zone near the wall. If the flow is inherently stable, the disturbances will decay .~d 
eventually damp out. If the flow is inherently unstable, the disturbances will propagate 
upstream, amplify, and result in strong three-dime11sionalities in the developing necklace 
vortices, resulting in a breakdown of the coherent vortex pattern. Near the critical. 
,.,· .,-1.· 
Reynolds number, the flow alternates between periods of recovery to laminar behavior 
and periods of transitional breakdown. 
In this transitional regime, the flow behavior near the cylinder-plate junction is very 
three-dimensional and complex. Figure 3.12 is an oblique photographic sequence 
r/ 
illustrating the development of this transitional behavior in a coherent laminar vortex 
i::.: .• 
regime. This sequence shows the breakdown of the laminar flow pattern for the 24.1 cm 
" .' 
""' cylinder at Re6.=261. Figure 3.13 is a plan-view photographic ·sequence (on the 
symmetry plane, near the leading edge of the cylinder) of the laminar flow breakdown 
,r 
under the same conditions as Figure 3.12. · The necklace 1 vortex .tubes are rapidly I 
' ,, "' . ,' .... . . 0' 
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· distorted, developing kinks which rapidly evolve into hairpin-like structures. The 
" 
necklace vortex tubes no longer 11,1ove downstream uniformly or consistently, but appear 
to alternate between intervals of near . stagnation and · rapid downstream movement. 
Consequently, some vortex tubes overtake others, developing a complex, three-
. dimensional process of coalescence of the distorted necklace vortices. The result is the 
eventual development of a large-scale, unsteady, turbulent, junction vortex which evolves 
fron;i the amalgamation of the distorted, laminar necklace· vortices. 
' 
' As velocity is increased further, the necklace vortices are so rapidly dist&ted during 
the fonnation process that they lose their coherency almost immediately. Figure 3.14 is 
a schematic of the transitional region which illustrates the significant flow structures and 
their locations. Near the separation line, approximately 6 cm upstream of the cylinder for 
the 2.-5 cm cylinder, b.airpin vortices are generated in a relatively stagnant region by 
extreme deformation of the . forming necklace vortices; upon formation, these hairpin 
vortices are convected downstream as they rise from the boundary layer. These hairpins 
coalesce into a large-scale turbulent horseshoe v·ortex, the dominant flow structure in the 
separated region. Very near the cylinder-plate junction, narrow, highly-stretched, vortex 
tubes, separate from the turbulent horseshoe vortex, are observed to sporadically appear 
and often amalgamate with-other such vortices in a manner similar that in Regime 5. l 
These coherent vortex tubes do not develop with regular periodicity and may serve as a 
mea9s of relief for the upstream turbulent vortex which is constantly fed with vorticity 
generated in the upstream boundary layer. 
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3.2.3 Estimates of Vortex Dimensions 
. The dimensions of the necklace vortices were estimated during the flow visualization 
study and later verified by hot-film anemometry data of Regime ·5. Vortex diameter, as 
determined by the diameter of the tube of hydrogen bubbles entrained by the vortex, 
appears to increase with increases in cylinder diameter, !boundary layer thickness, and 
flow velocity. However, the dimensions of the vortices do not appear to linearly scale 
... 
when normalized by either cylinder diameter or boundary layer displacement thickness. 
· · The diameters of the necklace vortices forming in Regimes 1 through 3 for the 2.5 
cm cylinder are between 0.3 cm and 0.6 cm depending on the boundary layer thickness 
and the free-stream velocity. In Regimes 4 and 5, the initial diameters of the yortices 
immediat~ly after formation are of the same scale as those in the first three regimes . 
• 
However, the vortices in Regimes 4 and 5 become highly stretched during their translation 
-
toward the cylinder, which results in a decrease in vortex diameter of up to 75% in 
... 
extreme cases. The representative necklace vortex diameter for the 8.9 cm cylinder is 
\, 
I(! 
between 0.7 cm and 1.3 cm. For the 24.1 cm cylinder, the vortex diameter generally falls 
between 0.9 cm and 2.5 cm for the cases studied . 
.. 
3.2.4 Mapping of Parameters Determining Flow Regimes 
No single functional relationship or nondimensional parameter could be established· 
which will predict which.flow regime will be present under particular conditions. Flow 
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regimes appeared to be functions of free-stream velocity, _boundary layer thickness, fluid 
• 
viscosity, and cylinder diameter. Dimensional analysis suggests a dual functionality of 
the regimes ori 8*/D and Re6*_. To examine this functionality, mappings of the transition 
lines between the respective flow regimes as functions of 8*/D and Re6• were constrpcted 
using data for all three cylinders over a range of velocities and locations. Figure 3.15 
shows mappings of points of flow regime transition over a range of flow parameters. It 
~~ . 
appears that Re6• and o*/D do a reasonable job of characterizing the regime behavior. 
Note that most flow regime transitions ·occur sharply and distinctly for .small_ . 
parameter changes. However, the transition between Regime 4 and Regime 5 occurs quite 
subtly. It appears that both flow regimes can. exist intermittently over· a relatively wide 
range of flow parameters. Consequently, included on the mappings are points of 
transition from both Regime 4 behavior to mixed behavior and from mixed behavior to 
. exclusively Regime 5 behavior. 
In Figure 3.16, coptours of flow regime transition are plotted based on the empirical 
data presented in Figure 3.15. The solid-line contours indicate transition lines established 
over the ranges of flow parameters examined in the present experiments. Note that the 
ranges of flow parameters over which accurate flow regime transition data could be 
obtained in the present studies was limited by the constraints of the experimental 
facilities. Dotted-line contours represent estimated,contours within flow parameter ranges 
for which empirical data was not available. The behavior of these dotted contours .:is 
based on both extrapolations of experimeQtal data and inferences about flow regime 
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behavior which are noted below. 
Note that for a critical Reynolds num~er, the boundary layer flow on the plate will 
inherently reach transition regardless of the presence of a cylinder. Thus, an asymptotic 
behavior of the curve representing the transition .. to turbul.ent boundary layer flow is 
expected at the critical Reynolds number for a flat plate. For very small diameter 
cylinders, the strength of the local adverse pressure gradient is minimal. Since the 
,, ,'f 
formation of the necklace vortices seems to be a·pressure gradient induced behavior, the 
•. 
contour representing the transition between no vortices and Regime 1 behavior probably 
. . 
... , approaches the assymptote for transiton to turbulent boundary layer flow as cylinder 
diameter decreases and the ratio 8*/D consequently increa·ses. In the limiting case (as D 
"'· .. ~ 
appro.aches 0), the local adverse pressure gradient from the cylinder is negligible and the 
flow acts like an unobstructed flat plate l?oundary layer flow. The dotted contours are 
highly speculative, ·but logic suggests that the general behavior· and trends exhibited by 
the contours· are most likely representative of the actual flow regime behavior. 
' 
. The complexity of the mappings in Figure 3.16 suggests that no simple relationship 
correlates the flow regime with ~ flow parameters. However, the flow regime maps 
illustrate several trends in the behavior of the flow regimes. The degree of instability of 
the flow, as evidenced by transient followed by transitional behavior, increases with 
increasing Reynolds number. Interestingly, boundary layer thickness appears to have a 
stablizing effect on the flow. As 8*/D increases, transition to more unstable regimes 
occurs at higher Reynolds numbers. This trend indicates that the formation· of the 
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necklace vortices and · th·eir subsequent destablization are pressure gradient driven . 
phenomena. With decr~g cylinder diameter (increasing D*/D), the strength and extent 
of the local adverse pressure gradient decreases along with its effect on boundary layer. 
fluid. Thus, the formation of vortices and their subsequent destablization occurs at higher 
Reynolds numbers, as indicated in the mapping. 
3.3 Characterization of Regime 5 
3.3.1 · Introduction 
Regim~. 5 flow behavior is of p~icular interest in this study, both becau~e this 
regime manifests an apparent characteristic periodicity, and it offers a unique 9pportunity 
to study the local surf ace interactions due to isolated large.,.scale, stream wise vortices with 
controlled periodicity. In an mitial study, the frequency of the necklace vortex generation 
process was examined and characterized. 1n· a second study, the interaction of the 
steamwise legs of the necklace vortices .. with surface fluid was e~~ined and observed to 
be analogous to the behavior observed within turbulent boundary layer flow in several 
respects. Streaks of low-speed fluid, resembling those observed in turbulent boundary 
' 
layers; were observed to d~velop as a result of the vortex interaction with the fluid near 
the surlace. Associated with these low-speed streaks is a strong ejection of surface fluid 
similar to the burst-like fluid eruptions observed in turbulent boundary layers. These 
,-:, 
observations help support models of turbulence generation based on the hypothesis that· 
streamwise or hairpin vortices are dominant flow structures in turbulent boundary layers 
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which sustain, generate, and propagate turbulence. · Hot-film anemometry. results offer 
additional insight into this intriguing flow behavior. · 
I 
3.3.2 Frequency Behavior of Necklace Vortex Generation 
'i, 
The frequency of the necklace vortex generation cycle is deter1nined to be dependent 
on boundary layer thickness, fluid viscosity, cylinder diameter, and free-stream velocity. 
? 
· As Figure 3 .17 shows, for a particular cylinder at a fixed streamwise (x) location on the 
plate, there is a strong linear relationship between normalized frequency (fD/U) of the 
periodic necklace vortex generation observed in Regime 5 and Reynolds number based 
on cylinder diameter. However, different linear relationships exist between ID/U and Ren 
, 
for different combinations of flow and geometrical parameters. Also, ·no relationship was 
found between the necklace vortex generation ftequency and the cylinder Strouhal 
shedding frequency. 
In ~igure 3.18a, the data set used for Figure 3.17 is replotted employing the 
~ ·, 
dimensionless groups fD/U and Re0*. Although these groups fail to collapse the data, the 
plot reveals that individual data sets are essentially linear, but of different slopes. The 
~ 
~ 
, 
., 
slopes of the. individual linear plots· in Figure 3.18a are observed to increase with 
, 
., 
increasing cylinder diameter and decrease with increasing x location, suggesting a 
dependence of the slopes <;>n some x/D factor. However, no scaling factor (x/D) which 
{ 
collapsed the data was established. 
In Figures 3.18b and 3.19, the normalized frequency of vortex generation is plotted 
" 
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against Reynolds number based on bound·ary layer thickness for three different cylinder 
. 
" 
diameters at a series of different x locations and free-stream velocities. Frequency data 
,:, 
was obtained using two overlapping techniques to allow cross-comparis·on of results: 1) 
fixing the streamwise (x). cylinder location and varying the velocity, and 2) fixing the 
velocity and varying the streamwise location. Figure 3.18b shows the data obtained by 
. 
locating the cylinders at fixed locations and determining the frequency of vortex 
g~neration over a range of velocities (the same data group used in Figure 3.18a). The use 
. \'l, .', 
! 
.. 
) 
of the ·dimensionless groups f8*/U and Re0* is more effective in co~apsing the data than 
the groups used in Figure 3.18a. The data ensembles at each fixed location do not exhibit · 
broad trends of behavior since only a narrow range of parameters can be covered for each 
_., 
' I 
geometry. However, when taken as a whole, the data from the individual plots roughly 
collapse within a restricted band of behavior. Frequency behavior is roughly linear in this 
plot with a linear regression correlation coefficient of 0.919. Using the second data 
collection method, the data in Figure 3.19 were obtained by fixing the channel flow speed 
i-' 
and locating the cylinders at a series of x-locations. Individual plots of frpqueqcy data 
for the 2.5 cm cylinder exhibit a strong linear behavior. Plots of frequency data for the· 
8.9 cm cylinder show significant deviation from linear belfavior. Although the frequency 
data. for the 24.1 cm cylinder is somewhat limited due to the onset of transition at 
rel~tively low Reynolds numbers, the deviation from lin·ear behavior is again apparent. 
This data .suggests a trend of increasing deviation from linear behavior between 
normalized frequency and Reynolds number with increasing cylinder diameter. However, 
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when grouped together, the. data in Figure 3.19 exhibits a roughly finear band-like 
behavior consistent with the trends observed in Figure 3 .18. A linear regression of the 
grouped data in F~gure 3.19 yields a curve fit equation similar to that of the data in Figure 
3.18 with a correlation coefficient of 0.916. Both cuives are-plotted on Figui:e 3.18b for 
• 
companson. 
3.3.3 Behavior of Vortex Legs 
As a periodic necklace vortex is stretched and approaches the cylinder, the associated 
vortex legs sweep inward toward the sides of the cylinder. In order to maintain the 
, integrity of the jpitially_ spanwise vortex, segments of the core far from· the plane of 
symmetry move rapidly downstream and· toward the cylinder, changing orientation from ,. 
spanwise to streamwise in the process. The legs of the necklace vortices attain an 
essentially streamwise orientation from approximately the spanwise mid-plane of the 
cylinder untikthe point of breakdown (up to several cylinder diameters downstream). 
Behind the cylinder, the Strauhal vortex shedding strongly influences the behavior of 
the vortex legs. The vortex legs do not propagate inward smoothly, but are modulated 
by the Strouhal shedding, alternating between periods of relative transverse stagnation and 
· , periods of rapid movement toward the cylinder centerline. Further downstream, the 
streamwise vortex legs develop a streamwise waviness, which amplifies, leading to a 
breakdown of the coherent structure. The breakdown of the vortices seem~ to arise from 
the breakdown of an eruptive ridge of low-mome~tum fluid which grows due to a strong 
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_interaction between the vortex leg and fluid near the surface. As the lift-up region gro'Ys 
\. 
rapidly outward from the surface, it becomes unstable, displaying discrete waviness as it 
./ 
.. 
interacts wit~ the free-stream flow outside the boundary layer. Amplification of this 
waviness leads 'to an eventual breakdown of the lift-up, which likewise disrupts and 
destroys the coherency of the streamwise vortex leg. The Strouhal shedding iI) the 
-
-~ 
cylinder wake tend·s to hasten the breakdown of the streamwise vortices, inducing 
~ 
spanwise distortion of the vortex legs. In many cases, the Strouhal vortices actually 
[) 
entrain the necklace vortex legs in a region tanging from one to four· diameters 
downstream of the cylinder. 
The streamwise extentions of the necklace vortices are observ·ed to stimulate behavior 
analogous to that postulated to occur in the near-wall region of a turbulent .boundary 
layer. Figure 3.20 includes a schematic and end-view p~otographs illustrating several 
important features of the necklace vortex legs and their · interaction with boundary layer 
fluid. The photgraphs were obtained using two hydrogen bubble wires t.o mark the flow, 
and the end-view, slit-lighting techniques described in Chapter 2 to selectively illuminate 
the flow structures of interest. One wire was located upstream of the 8.9 cm cylinder in 
the region of necklace vortex development, introducing bubbles which visualize the vortex 
. . 
Q 
core. A second spanwise wire was located laterally to the side of the cylinder and very 
f . 
near the surface of the plate, introducing a bubble sheet which visualizes the surface fluid 
affected by the vortex leg. 
In general, when a vortex is in close proximity to the plate surf ace, it imposes a local 
·, 
• ·'1. 
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cross-stream adverse pressure gradient on·the surface fluid. This pressure gradient causes 
' . 
low-momentum, surface fluid _to conce~trate and then erupt- vertically away from the 
. ..,.,-, ..... 
. . 
. 
. 
. 
surface in a narrow low-momentum region, a mechanism revealed computationally by 
Peridier and Walker (1989). This focused ridge of low-momentum sui;face fluid is drawn 
. . 
up from the surface of the plate under the influence· of the vortex leg and extends as a 
/ 
continually growing ridge of fluid along the extent ·of the vortex leg. The extended 
penetration of this ridge outward caus~s a local defect in the velocity profile, which is· · 
. 
. 
· manifested as a low-speed streak pattern ·(see Figure ·3.21). This focused ridge of fluid 
is transient, moving in conjunction with the movement of the vortex leg and the 
associated .local pressure gradient. Examples of vortex-induced ridges of fluid are 
evidenced in Figure 3.20 as the spike-like flow structures emanating from the surface 
fluid, marked by a hydrogen bubble wire essentially on the surlace. As these low-speed 
ridges penetrates well info the o-qter high-speed flow~ a strong viscid-inviscid. in~eraction 
• 
develops between .the spires of fluid and the outer flow. These interactions eventually 
lead to a destablization of these fluid ridges, resulting in local breakdowns which appear 
to generate trains of hairpin~like vortices. The_ flow structure generated by the breakdown 
of each eruptive ridge interacts immediately with the associated coherent necl4ace vortex 
" . 
leg, causing its subsequent breakd_own. A close analogy .may be drawn between the 
breakdown of these eruptive ridges ~of fluid and the bursting behavior in turbulent 
.•. 
boundary layers .. This analogy is discus~_ea in detail in Chapter 4 . 
. , ..... -, 
Figure 3.:21, includes a· schematic, ~d-,plan-view photographs of the flow discussed 
I ' ( 
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above, illustrating· several import~t fe3.tiires Of the necklace Vortex legs and their 
. 
• 
interaction with boundary layer fluid.· Deformation··rof time lines gel}erated· by tlie 
. ' 
y 
transverse bubble wire indicates the development of: a region ·of retarded flow outboard ., 
of the transient vortex leg. For the 8.9 cm cylinder case, the passage of a vot1ex le·g is 
followed by · a low-speed streak-like region appearing between 0.7 cm and 1.2 cm 
~ '• 
outboard of the center of ·the vortex core (recall that core diameters were estimated .as· 0.7 · 
cm to 1.3 cm for this geometry). The development of low-speed streaks in turbulent 
boundary layers is hypothesized to be the result of similar types vortex-boundary layer 
interactions. This ·point will be discussed further in Chapter 4. 
e:. 
· 3.3.4 Hot-film Anemometry Results for Regime 5 
To examine ·the quanti~ative velocity behavior of Regime 5, ;hot-film anemometry 
,· 
studies we~e performed. Examples of the temporal velocity behavior induced by the 
\ 
. 
' 
necklace vortices were _documented and compared with flow visualization observations .. 
Details of the periodicity and the coherency of the vortex legs at several locations were 
f .. 
obtained by examination of the consistency of the cycle-to-cycle data traces. The 
modulating effect of the cylin~er Strouhal shedding on the neckl~ce vortices was also 
.. 
revealed in these studies . 
. 
· Single wire hot-fil~ anemometry data was taken at selected locations in proximity 
· to the 24.1 cm cylinder, with the cylinder located 1.2 m from the lead~g edge of the 
. \';);.'" 
plate. Channel flow speed was set at 0.06 m/s (Re6.=433) to achieve Regime 5 behavior,. 
~ 
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Note that proper interpretation of the results of the hot-film data is complicated by_ 
. 
. 
the nature of the single-wire measurements. Although a sll}gle-wire probe is considerably 
. 
. 
easier to use than dual-wire arrangements, it only establishes velocity magnitude at a 
point, offering no information . as to flow direction. With the . considerable three-
dimensionality and reverse flow occurring in'~this necklace-vortex flow, extensive use of 
previously acquired flow visualization results is necessary to properly interpret the ho~-
0 . . 
"'.. film data. However, used in conjunction with the flo'Y visualization results, the hot~film 
data reveals several significant aspects of the flow beh,avior. 
Centerline Data Results: .· Three data set~. were taken along. the cylinder centerline at 
0.13D, 0.29D, and 0.37D upstream of the 24.1 cm cylinder. At each location, temporal 
data records at 9 vertical locations were taken. The initi_al verti~al probe location was as 
close to the plate as possible (approximately 0 .. 25 mm). T,his probe- position was taken 
' f 
as the O mm reference pomt, with subsequent vertical locations referenced from this point. 
The 8 other locations 'Yere chosen to selectively examine the vertical range encompassed 
.. 
by the periodic necklace vortices. . 
Figure 3.22 is a schematic of the probe locations in relation to the cylinder, with an 
accompanying_ photograph showing probe locations in relation to the flow structures 
. 
. 
during one phase of the cycle. Normalized, in-phase velocity traces are shown ip. Figures 
3.23-3.25. The velocity traces clearly illustrate the cyclic nature of the vortex generation 
as shown earlier by the flow visualization. 
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Note that the passage of :a transient vortex core is indicated in the velocity traces by 
' 
a twin peak in the velocity trace due to th~ influence of the strong y-velocities near the 
. . ' 
vortex perimeter on the magnitude of the velocity measured. The twin peaks in· velocity, 
' . 
generally evident between· y=6 mm to y=lO mm for the three centerlin~ -cases, indicate 
. ~ 
~he passage of the vortex core. A specific flow visualization study was made of the flow 
geometry for which the anemometry results were taken~ · The diameter of the necklace 
vortices along the cylinder centerline, immediately after formation, is approximately 16 
mm. The center of the vortex core is located approximately 9 mni from the surface of· 
,., 
the plate. Flow visualization indicated that the necklac.e vortices formed between 13 and 
17 cm (0.54D and 0.71D) upstream of the cylinder. The sharpness of the peaks indicating 
the passage of the vortex core. increase as the cylinder is approached,· suggesting that 
,· vortex stretching decreases the core diameter and increases the local vorticity and velocity 
gradients near the core, as shown in previous flow visualization results. The peaks also 
develop nearer to the plate surface as the cylinder is approached, indicating that the cores 
of the necklace vortices move toward the plate. as they mov·e downstream.. At y=20 .mm 
all velocity traces are relatively flat, showing only minor activity, which is ag·ain 
consistent with the flow visualization results, which indicat_es the necklace vortex ·diameter 
to ~e of 16 mm, or less if significant stretching occurs. 
.,,,.· 
I . 
.. 
Near the surface, the velocity traces again display a doubJe.peak feature. In this case, 
. . 
( . 
the nature of these peaks is not clearly evident. F}ow visualization of steady vortex 
regimes indicated t~e existence of a counter-rotating vortex for each devloping necklace 
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vorte~. The twin· velocity peaks· near the surface could indicate the-,existence of 
.. 
analogous· counter-rotating vortices associated with the transient vortices of Regime 5.~ 
" 
, . 
.. 
. ,
. Flow visualization studies did not indicate the existence of transient counter-rotating .. 
~· 
. 
vortices, however, such structures would presumably be difficult to visualize due to their 
small ·scales and transient nature. 
An alternative ;eason for the periodic double peak velocity behavior near the surf ace 
, ·A· . 
may be the presence of int~rmittent reverse flow. Based on experimental observations, 
(J 
this latter explanation seems more convincing. The twin peaks near the surface are most 
clearly evident in the velocity traces at vertical locations of 0-1 mm. It is u-nlikely that 
strong y ... velocities induced by the passage of a vortex would occur so near the surface,· 
... 
requiting an ·extremely sharp velocity gradient to meet the solid wall condition at the 
plate. The activity in the velocity traces so near the surface ·is most likely due to strong 
•· 
streamwise.variations in velocity. Flow visualization did indicate periods of reverse flow 
"near the surface during the vortex generation cycle. Therefore, it is likely that the activity 
in the velocity traces near the· plate is due to a strong time-varying reverse flow due to 
. 
the transient pressure gradient caused by the passage of periodic necklace vortices .. 
Outboard Data Results: .To examine the effects· of the · streamwise legs of the 
necklace vortices, velocity data sets were taken at three locations outboard of the 24.1 cm 
cylinder, as indicated in Figure 3.26. . J\\.t each location, data was taken at the same 
· vertical loc3;tions as the previous centerline data sets. Figures 3.27 through 3.29 are short 
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temporal data records showing detailed velocity traces .. 
. 
. ·At the cylinder midplane (x=D/2), flow visualization indicates the transient cores.of 
" 
I 
the vorte~ .. legs remain ·at an essentially constant height -of 10 to 12 mm from the .plat~ 
while sweeping in toward the cylinder. As shown in '.Figures '3.27 ~d 3.28, the velocity 
· traces develop a double valley feature in the data record at vertical heights of_ 10 and 12 
mm, apparently as a result of the passage of a streamwise vortex. leg. The double valley· 
suggests that streamwise flow moves ·more rapidly downstream along the core of the 
. 
vortex tube, but is somewhat retarded about the perimeter of the vortex. Note that this· 
effect becomes less prominent as· the necklace vortex leg moves closer to the cylinjler 
(Figure 3.28). 
'\ 
The time interval of the vortex-induce.d activity on the mid-plane (x=D/2) v.elocity 
<) 
traces (indicated by the time intervals over which significant fluctuations are apparent in 
the velocity. traces) is shorter at the station (z=5D/6) than. at the station (z=2D/3), 
-~ 
suggesting the scale of the vortex may be increasing as it approaches the cylinder. 
However, flow visualization indicates streamwise vortices stretch and reduce diameter as 
they approach the cylinder, which should result in a decreasing interval of the vortex-
induced activity in the velocity traces as the cylinder is approached. This inconsistency 
· can be resolved by noting that the vortex is moving niore .rapidly toward the cylinder at 
' 
the station farther from the cylinder (z=5D/6), reducing the time interval over which the 
pro~e senses the effects of the vortex. This conclusion agrees with visual observations 
<' 
of vortex leg behavior. 
a 
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Single· valleys in the mid-plane velocity traces obtained very· near the surface are 
indicative of the passage of the eruptive bands of low momentum fluid near the surf ace.· 
In Figures 3.27 and 3.28, these single valley traces are clearly visible up to ·vertical 
heights of 2 mm, and still appear, although associated with more complicate~ traces, even 
farther out. These well-defined valley_s in the velocity traces are further evidence of the 
~ ,,.. 
low-speed streaks (i.e. low-momentum ridges) associated with the streamwise vortex legs, 
which were noted earlier in the flow visualization results of Section 3.3.3. Again, an 
analogy is made between this vortex-induced retarded flow and the low-speed streak flow 
structures in turbulent boundary layers. The relation between the low-speed streaks 
observed in this study and those of turbulent boundary layers i~ discussed further in the ~. 
following chapter. 
Little vortex" induced behavior. is evident at y=20 mm, suggesting a vortex scale 
consistent with the flow visualization observations. · The low level of noise and the 
repeatable nature of the activity observed in the. velocity traces indicates that the 1vortices 
are relatively coherent and stable at the x=D/2 streamwise location,· although . this ) 
coherency diminishes as the vortices approach the cylinder (compare Figure 3.27 apd 
3.28). 
Figure 3.29, obtained at the downstream location (x=D, z=2D/3), shows little coherent 
behavior in the velocity traces. Flow visualization indicates the necklace vortex legs have 
developed significant instabilities by this location, and sweep in toward the cylinder . 
sporadically, apparently due to modulation by the Strouhal shedding in the cylinder wake. 
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Nois
02
~ and random fluctuations appear to· muddle ;the. data records,· with only sporadic 
.• ' . 
periodicity evident in the velocity traces. It is .difficult to 'extract any further information 
from the velocity traces at this location, other than to note a breakd9wn of the coherency .• 
of the vortex structures. At y=20 mm there is still considerable activity suggesting that 
the region is highly disturbed and the dominant flow structures are no longer the 
streamwise vortices. 
Longer temporal data records acquired at y=6 inm for each of the three lateral 
locations are presented in Figure 3.30. These velocity traces illustrate both the periodicity 
. 
of the necklace vortices, and the modulation of the necklace vortex behavior by the 
Str·ouhal shedcling of the cylinder. Note, however, that the necklace vortex generation 
frequency is not a function of. the Strouhal frequency. In Figure 3.30, the lower 
frequency s·trouhal shedding essentially modulates the frequency with which the 
" 
streamWiie legs of the necklace vortices approach the cylinder. This behavior is 
particularly evident nearest the cylinder where the Strouhal influence is the strongest. An 
influence of the Strouhal shedding on the centerline velocity traces was evident, but had 
- a considerably lesser effect than for the lateral velocity traces. In general, the rate at 
which the necklace vortices approach the cylinder on the centerline is not noticeably 
modulated by the cylinder Strouhal shedding. 
Mean Velocity Profiles: Mean velocity proftles taken at selected locations in the 
vicinity of the 24.1 cm cylinder are shown in Figures 3 .31 through 3 .34. The flow speed 
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· was set at 0.06 m/s and the cylinder was.located 1.2 m from the lea4ing edge of the plate 
" 
' 
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in .all cases. To minimize biasing effects_, data aquisition parameters were set ~uch that . . 
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. each data point represented t}le . average velocity over approximately_ . fifteen vortex 
-· 
.. . 
generation cycles. • 
• 
Since the single-wire probe senses, only velocity magnitude, bdth· fo~ard ·~ow cµid .. · · . ,~ .. 
. 
. . . 
. 
reverse flow will be detected as po~itiv_e values on the normalized. velocity ·rra~es.·. 
. 
. 
,Therefore, a region of reverse flow near the plate- on an instantaneous .·velocity proftle . . ,, 
. would be indicated by: 1) a decrease · in velocity in the out~r :boundary layer,, as the 
forward flow velocity approached the point of transition to reverse flow, 2) a point of 
. . 
. 
zero velocity off the, surf ace of the plate at the point of transit1on from f o·rward to reverse 
flow, and 3) an increase in sensed velocity in the region of reverse flow ( since the probe 
.,,,..·, 
" 
is non-direction'.~) and a subsequent reduction to zero velocity at.t4e wall. _The net result 
. 
. 
of a region of reverse flow would be a small hump in the instantaneous velocity proftle 
near the surf ace. Although the above discussion pertains to instantaneous velocity profiles 
. 
with reverse flow, time-mean profiles of a cyclic flow with significant ·periods of reverse 
flow would very l*ely show features of a similar nature. In the time mean, periods of 
reverse flow (sensed as forward flow) would tend to positively bias a mean velocity 
profile resulting in a hump-like disto~ion near the surf ace. 
At the most extreme upstream station (x=-D·, z=O), the mean velocity proftle shows 
no si.griificant discontinuities or unusual behavior. Flow visualization indicates separation 
· does not occur until approximately 0.6D upstream of the 24.1 cm cylinder. Thus, reverse 
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flow would not be expected at this location. The mean veloci~ proftle .. at x=-D tends to 
. 
. . 
support the visualization results. 
_At the upstream locations x=-0.37D and· x=-0.29D along the cylinder centerline, 
velocity traces do show small humps or discontinuities near the surface, which seem to 
w 
~ 
indicate regions of reverse flow according to the discussion above. Since flow 
visualization indicates the region of flow separation extends upstream to approximately 
0.6D,·these velocity profiles were taken well within the region where separation near the 
' . 
surf ace is encountered. Flow visualization clearly identified periods of flow reversal near 
the plate in the separated region. The humps near the surf ace in the time-mean velocity 
profiles shown in Figures 3.32 a~d 3.33 seem to support the visualization observations 
that a periodic reverse flow does occur near the surface at these locations. 
Figure 3 .34 is a mean velocity profile taken laterally off the midplane of the 24.1 cm 
cylinder at x=D/2 and z=2D/3. Away from the surface, the velocity profile shows several 
humps in the profile which appear well into the· outer flow. These humps occur in the 
~ 
region through whjch ~he transient vortex legs pass (y=Smm to y=20mm). Recall that 
flow visualization indicated that the cores of the legs of the periodic necklace vortices 
move toward the cylinder at a vertical distance of 12 mm from the surface. At this 
height, the profile displays a. small valley in the time-mean velocity. The detailed 
temporal velocity traces of Figure 3.27 displayed twin valleys in the velocity signal at a 
vertical distance of 12 mm, corresponding to the pass~ge of each vortex leg core .. These 
v~leys in the temporal velocity traces may bias the time-mean profile, explaining the 
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time-mean valley which oc_curs in the velocity profile at y=12 mm. The flanking humps 
·1.1 
' . 
to either side of the 12 mm valley may suggest the extent o,f the "core" region of the 
vortex (i.e. the highest velocity regions of the 'vortex core, possibly defining a "solid 
body" core approximately 4 mm in diameter). 
Near the surface, the time-mean velocity trace sharply decreases. This decrease can 
~ . 
oe explained in part by the requirement that velocity reach· zero at the wall. However, 
the decrease of velocity to meet the wall condition occurs over a much thinner vertical 
interval (approxhnately 3 mm) than for the upstream cases (approxiihately 15 mm). This · 
" 
results ~ a very full time-mean velocity proftle along the side of the cylinder. Such 
velocity profiles are characteristic of turbulent boundary layers, possibly suggesting 
another analogy between the flow behavior of the streamwise vortices in this study and 
the structures characteristic of turbulent boundary layers. 
In Figure 3.35, the normalized velocity data of Figure 3.34 is replotted in semi-log 
form to allow comparison with"" the well-established logarithmic profile behavior of 
turbulent boundary layers. Although the number of data points taken in the boundary · 
layer region was not sufficient to accurately define the characteristics of the velocity 
' 
profile (data points were taken at 0.5 mm intervals across the 5 mm boundary layer), a 
crude sense of the velocity behavior is offered by Figure 3.35. A region of somewhat 
linear behavior, possibly analogous to the linear behavior of velocity profiles measured 
in the near-wall region of turbulent boundary layers, is apparent· in the plot over a y-
interval starting at y=0.5 mm and continuing outward to about 5 mm. At this point the 
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passage of the necklace vortex cores creates sharp undulatio~s ~ tpe plot. However, the 
beha';ior qf the plot in the regio11 of the vortex-influenced boundary layer flow is 
. . ' 
somewhat reminiscent 'of the behavior witnessed in turbulent boundary layers . 
• 
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Figure 3.1 General Configuration of a Laminar Necklace Vortex System. 
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located 50 cm from the leading edge of the plate. 
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Figure 3.3 Regime 1 Flow Behavior. · · 
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a) Side-view schematic of Regime 2 behavior, showing the formation 
of two steady necklace vortex cross-sections and the counter-
rotating vortex which develops as a result. 
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b) Side view photograph 
of Regime 2 behavior. 
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Re6• =270 
counter-rotating 
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• pnmary 
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c) Side view photograph of Regime 2 
behavior with the counter-rotating 
vortex visible. The upstream 
vortex is not marked in this figure. 
Figure 3.4 Regime 2 Behavior. 
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Figure 3.6 Schematic of Regime 3 Behavior . 
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1.) Vortices at maximum separation 
distance begin to move toward 
each other. 
formation of next 
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I _ cylinder 
3.) The primary and secondary vortices 
coalesce, and become the primary 
vortex. 
" . 
eruption of reverse flow . 
cylinder 
u 
2.) A strong eruption of reverse flow 
occurs near the surface as the 
. vortices approach each other. 
cylinder 
4.;) The primary and newly-formed 
secondary vortices move away 
from each other. 
a) Schematic of Regime 4 Behavior. 
. . 
3.) 4.) 
b) Photographic Sequence of Regime 4 Behavior (8.9 cm cylinder). 
x=16 cm, U =0.051 m/s, Re6• =146 
Figure 3.7 
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The primary vortex advects · ~ 
downstream and is stretched in the 
process. The secondary vortex .. 
accelerates downstream having just 
, completely formed. An eruption of 
reverse flow is induced by the 
seco~dary vortex . 
. The highly stretched primary vortex 
- stagnates near the cylinder-plate · 
junction. The secondary ~ortex 
continues to move downstream. 
The eruption of reverse flow feeds 
the next forming vortex . 
The stretched and weakened 
primary vortex is drawn upstream 
under the influence of the 
approaching secondary vortex. 
The next generation (tertiary) 
vortex is completely formed. 
The original primary and 
secondary vortices coalesce 
resulting in a new primary vortex. 
The tertiary vortex acts as the new 
secondary vortex for the following 
cycle. 
Figure 3.8a Schematic_of Regime 5 Behavior. 
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Figure 3.8b Oblique-view Photographic Sequence of Regime 5 Behavior. 
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Figure 3.9 Position of the Necklace Vortex Core with time along 
the Cylinder Centerline for Regime 5 Behavior. 
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( 1 ) The primary vortex begins to move 
upstream under the influence of the 
. approaching secondary vortex. 
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(3) As the primary vortex is drawn beneath 
the secondary vortex, the vortices 
coalesce and a weak counter-rotating 
eddy forms upstream of the combined 
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. I 
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(2) The primary vortex is distorted and 
drawn upstream and toward the plate by 
the velocity field induced by the 
secondary vortex. 
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vortex vortex 
\ 
Q 
cylinder 
wall 
( 4) The amalgamated vortex continl)es to be 
stretched and assumes the role of the new 
primary vortex. 
Figure 3.1 Oa ScherTlatic Showing the Coalescence of Regime 5 Neqklace 
Vortices near the Cylinder-Plate Junction. 
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Figure 3.1 Ob Photographic Sequence of the Coalescence of Regime 5 Necklace 
Vortices near the Cylinder-Plate Junction. 
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Figure 3.11 Representation of the Breakdown of Laminar Necklace Vortices. 
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Figure 3.12 Oblique-view Photographic Sequence of the 
Breakdown of Periodic Necklace Vortices. 
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Figure 3.14 Schemati~Representation of the Transitional ~low Regime. 
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Figure 3.21 Plan-view of Necklace Vortex Legs and Associated Flow St"ructures. 
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4. DISCUSSION OF RES UL TS · · 
4.1 Laminar Flow Regimes , 
4.1.1 General The present experimental study docume~ts the existence of several 
distinct laminar flow behaviors in the boundary layer region near a flat plate-cylinder 
junction. Above a minimum Reynolds number, dependent on the particular flow 
geometry, a system of necklace vortices forms about the base of the cylinder and acts as 
the dominant flow structure in the region. T~e flow undergoes a sequential progression 
·-
of distinct flow regimes as the Reynolds number mcreases. The necklace vortex system 
initially consists of one or more steady vortices, progressing to a multiple vortex system, 
which develops oscillatory, cyclic behavior before transition is reached. The observed 
. 
. 
details of these laminar flow regimes were documented in Chapter 3. A discussion of the 
possible mechanisms which account for the diverse flow regime behavior is now 
presented. 
An explanation of the appearance of distinct flow regimes in the region near the 
cylinder-plate junction can be arrived at through consideration of the laws governing 
vorticity. Vorticity in a flat plate boundary layer is initially generated at the leading edge 
of the plate and convected downstream in the boundary layer. For the present cylinder-
flat plate system, the initially spanwise vortex lines convect into the region of influence 
of the cylinder with its associated pressure gradient. Since the vortex lines must remain 
contiguous, they are prevented from continuing downstream by the nonnally mounted 
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cylinder. To either side of the cylinder, the vortex _lines wil~ continue downstream, 
resulting in the systematic deformation of the transverse vortex lines, and development 
of the observed necklace vortex pattern. 
Schwind (1962) explained the existence of the distinct flow regimes forming about 
the base of a 60° wedge mounted on the wall of a wind tunnel using the concept of · 
conservation of vorticity. He reasoned that the progression of flow regimes occurring as 
free-stream velocity increases must serve to diffuse vorticity more rapidly to balance the 
. increased rate of vorticity convected toward the cylinder in the boundary layer. Similar 
,, 
considerations can be made for the flow regimes observed about the base of a cylinder 
mounted on a flat plate. 
The behavior of the vorticity near the cylinder-plate junction can be evaluated in 
terms of the vorticity transport equation. 
_D_w_=w•vV+v '1'uJ 
Dt 
This equation states that the rate of change of the vorticity of a fluid particle due to 
' 
convection in a time-dependent vorticity field is equal to the rate of deformation of vortex 
lines (i.e. vortex stretching) plus the net rate of viscous diffusion. 
Consider the closed Curve ABCD in Figure 4.1. ABCD is a closed circuit on the 
cylinder plane of symmetry, with DA and AB along the surfaces of the cylinder and plate 
respectively, CD along a streamline in the irrotational free-stream, and BC well upstream 
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of the region of influence of the cylinder pressure gradient. For steady flow, conservation 
of vorticity requires that .the rate at which vorticity convects into the area from the 
upstream boundary layer must be equal to the rate at which vortex lines are stretched and 
<I 
reoriented, plus the rate at which vorticity is diffused at the. surfaces DA and AB ( or 
equivalently, the rate at which opposite sense vorticity is created by the adverse pressure 
gradient of the cylinder). Recall that Regimes 1 and 2, defmed in Chapter 3, appear 
entirely steady in nature based on flow visualization. Regimes 3,4, and 5 behave in a 
consistent, cyclic nature, but may be considered as quasi-steady- flows with res~ict to 
vorticity conservation. Although the instantaneous total vorticity in ABCD may vary with 
" 
time, the total time-mean vorticity within the eircuit over a cycle does not appear to vary· 
from cycle to cycle. 
As the flow speed is increased, the rate at which vorticity is convected into the area 
ABCD increases. To satisfy vorticity conservation, the diffusion of vorticity by the 
adverse pressure gradient ·must also increase. Ta.king the ·limit of the Navier-Stokes 
equation in the streamwise direction as y~O it can be shown that: 
ap au> z 
=-µ 
ax ay 
\ , I 
Thus, the rate of diffusion from the surf ace in this case is proportional to the strength of 
the adverse pressure gradient and the area over which it acts. 
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4.1.2 Regimes 1 &· 2. The existence of distinct flow regimes may now be explained 
qualtitatively in terms of conservatiQn of vorticity in the circuit ABCD. In Regime 1, 
vorticity convected into the· region from the upstream boundary layer is balap.ced ·by 
~ 
. 
opposite sign, vorticity gef!.erated _along the surface of the plate by the adverse pressure 
gradient of the cylinder. Beneath the main vortex is a local region of adverse pressure 
superimposed on _the cylinder pressure gradient. This results in an area of relatively high 
vorticity diffusion from the plate. Figure 4.2 is a schematic representation of the sources 
.. 
of vorticity in Regime 1. 
An intense local adverse pressure gradient exists beneath the main vortex of Regime 
1 as evidenced by the rapid upstream flow along the plate in this region. The formation 
of a second main vortex in Regime 2 suggests that the influx of vorticity from upstream 
becomes too great to balance with the opposite vorticity generated by the single vortex 
configuration. The formation of a second vortex provides another region of an intense 
pressure gradient near the plate and an increased surf ace area over which rapid vorticity 
diffusion can occur. In fact, the generation of opposite sign vorticity results in a counter-
rotating vortex being induced between the two main Regime 2 vortices. The occasionally 
observed three-vortex flow pattern with its associated counter-rotating vortices, may be 
an extension of this process. 
4.1.3 General Periodic Flow Regime Behavior 
.. 
In the following three sections, the behaviors of the periodic flow regimes (Regimes 
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3,4 and 5) are disc11ssed. The observed details of these cyclic flow regimes are described 
.;, . 
in section 3.2.2. An attempt is made to explain the existence of the 4istinct flow regimes 
in terms of both the requirement of vorticity conservation and vortex-surface interactions. 
The effects of both inviscid vortex dynamics and vortex-induced viscous-inviscid· 
interactions are used to rationalize and develop the flow models for the three periodic 
flow regimes. 
Inviscid vortex dynamics establishes that a point vortex in the vicinity :of a solid 
sutf ace will be influenced by its image in the suiface. Both the real vortex and the image 
vortex will be influenced by the velocity field of the other, resulting in a mutual induction 
phenomenon. As shown in Figure _4.3, the primary vortex will be influenced by its. 
images in both the cylinder wall and the surface of the plate. Image vorticity concepts 
will be used in the discussion of vortex behavior in the unsteady flow regimes. 
Both experimental and numerical studies have examined the behavior of isolated 
stream wise vortices in the vicinity of a solid surf ace. The behavior of the vortex-induced, 
viscous boundary layer flow established in previous studies is helpful in explaining the 
observed behavior of the necklace vortices in the present study. 
A numerical simulation of counter-rotating vortex pairs by Ersoy and Walker (1985) 
predicts a boundary layer separation that occurs in the form of a counter-rotating eddy 
attached to the surlace. A singularity develops in the flow field as the counter-rotating 
eddy grows, limiting the time range over which a solution is obtainable. The singularity 
in the solution seems to imply that the boundary layer and the outer flow are approaching 
•, .' . 
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a stage of "strong interaction. 
Using an improved numerical approach, Peridier and Walker (1989) extended the time 
. 
-
range ove~Which the solution of problems involving unsteady boundary layer separ~tion. · 
is possible. Flow induced by a single vortex above an infinite plate was simulated in this 
study~ A counter-rotating eddy forms near the surface and rapidly grows in strength and 
size. A strong upflow is induced by the counter-rotating eddr/-which becomes more 
narrowly focused and intense as th~ solution is extended. The limit of the solution is 
reached when variations in the induced flow become so intense that the numerical 
I 
algorithm fails. The boundary layer flow appears to be approaching a point of interaction 
./·· \ 
,.. . 
with the outer flow at this point. 
Supporting the numerical results· of Ers.oy and Walker ( 1985) and Peridier and W al.ker 
(1989), is an experimental study performed by Harvey and Perry (1971). They noted the 
development of a counter-rotating eddy associated with a single vortex in an otherwise 
' 
stagnant fluid. A viscous-inviscid interaction was observed to occur after a time, in 
which a rapid and violent ejection of a secondary vortex from the boundary layer occurs. 
The ejection also causes the parent vortex to be driven away from the wall by the 
1 secondary vortex. The .tesults of these studies provide important tools with which to 
model the behavior of the periodic necklace vortices. 
~ 
-
4.1.4 Regime 3 The periodic flow regimes which develop at higher flow speeds can 
also be considered in the context of vorticity conservation. As the mean velocity 
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increases, the flow structure near the cylinder-plate junction must adjust to provide 
sufficient production of opposite vorticity, the mechanism for the cancellation of the 
increasing amount of vorticity impinging on the cylinder-plate junction. The behavior of 
the main vortices in Regime 3 is not considerably different than those in Regime 2 so far 
as the cross-diffusion of vorticity is . concerned. Vorticity conv·ected into the region 
ABCD is balanced through cross-diffusion of opposite sign vorticity generated at the plate 
surlace by both the adverse pressure gradient of the cylinder and by the local pressure 
gradient along the surface beneath the main vortices. However, the increasing strength 
of the Regime 3 vortices seems to create an instability resulting in oscillations of the main 
vortices. The frequency of these oscillations is not a function of the Strouhal vortex 
shedding of the cylinder for any of the cyclic flow regimes. 
Figure 4.4 suggests a possible sequence of events which may account for the 
oscillatory behavior of the vortices in Regime 3. It is speculated that the counter-rotating 
vortex induced between the primary and secondary vortex periodically strengthens to such 
a degree that it undergoes an eruptive event, analogous to those observed by Harvey and 
. 
Perry (1971) and simulated by Peridier and Walker (1989). The resulting viscous-inviscid 
interaction forces the primary vortex away from the plate due to the induced velocity of 
the secondary vortex on the primary vortex. The primary vortex is driven toward the 
free-stream, where it is convected downstream by the higher-speed outer fluid. 
Meanwhile, the interaction of the. secondary vortex ·with the ejected counter-rotating 
vortex ~auses the secondary vortex to move toward the surface, where it is driven 
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upstream .by the reverse flow along the plate in the separated region and by the influence . 
of its image vorticity in the plate. As the primary vortex moves- downstream it weakens 
due to diffusion, as does the induced counter-rotating structure. As the primary. vortex 
approaches the cylinder, the image vortex in the cylinder wall acts to move the vortex 
. toward the plate. At this point, the primary vortex is driven back upstream through 
interaction with the reverse flow along the plate and the influence of its image vorticity 
in the plate. Simultaneously, the secondary vortex apparently strengthens as it moves 
upstream, developing a significant counter-rotating structure. This counter-rotating 
structure appears to destablize, then force the secondary vortex away from the plate, and 
into the free-stream where advection by the free-stream dominates. Also, the magnitude 
of the adverse pressure gradient-inducedbackflow at the surface, an~ther influence driving 
the secondary vortex upstream, is reduced. as the secondary vortex moves away from the 
cylinder. The combination of these factors accounts for the obsevered downstream 
'-~· 
movement of the sec·ondary vortex at this point in the cycle. The primary and secondary 
vortices have now returned to their initial positions, completing the cycle. The general 
reason for the development of this oscillatory motion ~s that the main vortices in Regime 
3 generate destablizing subsidiary structures of sufficient strength that they siginificantly 
4 
interact with and affect the surrounding flow. The subsidiary structures generated by the 
main vortices in the steady flow Regimes, 1 and 2, apparently are not of sufficient 
magnitude to noticeably affect the main vortices. 
' I 
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4.1.5 Regime 4 Vorticity conservation requires that Regime 4 must cross-diffuse 
.. 
even more .convected boundary layer vorticity than Regime 3 since more vorticity is 
. \ 
produced and convected into the region ABCD at a higher free-stream velocity.· In 
contrast to Regime 3, the main vortices in Regime 4 coalesce with one another, 
• 
suggesting that the induced flow structures and flow mechanics affecting the behavior of 
the main vortices in Re.gime 3 may have become -even stro.nger and more influential, or 
that additional physical mechanisms may be present in this· regime. 
One seemingly significant aspect of the Regime 4 cycle is the distinctly observable 
eruption of surface fluid triggering the development of ·new vortices (see section 3.2.2 for 
details). The relative increase in the strength of the main vortices in Re.gime· 4 from 
Regime 3 may be responsible for the onset this eruptive behavior or may be only 
responsibl~ for making the eruption noticeable in this regime. It seems likely that a 
J 
weaker periodic eruptive behavior is present in .Regime 3, although no visual evidence is 
available to support this suggestion. Regardless, the clearly evident eruptive events in 
Regime 4 seem to be play a significant role in determining the behavior of the flow 
• 
regnne. 
Figure 4.5 is a schematic representation of the physical mechanisms which may 
determine the character of Regime 4. In Figure 4.5(1), the relatively strong primary 
vortex induces an intense counter-rotating structure near the surface, between the primary 
~ 
vortex and the developing secondary vortex. ,The counter-rotating vortex gains sufficient 
strength to force the primary vortex out into the free-stream. At this point, the surface 
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eruption seems to isolate the primary vortex from the source of boundary layer vorticity 
- --.,; ·,. ······· ,• 
(Figure 4.5(2)). In Figure 4.5(3), the primary vortex simultaneously stretchs and diffuses 
as it moves downstream. Meanwhile, the secondary vortex rapidly develops, entraining 
_ nearly all the incoming vorticity. As the primary vortex moves toward the cylinder, the 
strength of the adverse pressure gradient increases, and the velocity of the local flow 
decreases. The image vortex of the p,rimary vortex in the cylinder forces the primary 
vortex down toward the plate and toward the region of reverse flow, where it is driven 
back upstream by the reverse flow and its plate image (Figure 4.5( 4) ). The strengthened 
secondary vortex develops a subsidiary vortex which drives it away from the plate, 
. i I ' ' 
increasing the effect of the free-stream convection. The secondary vortex is subsequently 
advected downstream, where it encounters and coalesces with the primary vortex. Figure 
4.5(6) schematically illustrates the coalescence of the primary and secondary, vortices. 
Vortex dynamics suggest that as the vortices approach each other, the primary vortex 
moves toward the plate, and the secondary vortex is simultaneously driven away from the 
surface. As the primary vortex moves beneath the secondary vortex, the two vortices 
. 
. 
coalesce. Soon after this coalescence, and even before in some cases, an eruption of 
surlace fluid upstream of the coalesced vortices triggers the development a new vortex. 
The flow structure in Regime 4 must dissipate more vorticity than that of Reigme 3. 
Some of this increased capacity for vorticity cross-diffusion is due to the increased 
strength of the adverse pressure gradient imposed by the cylinder, which causes the 
separation line to move upstream, thus providing a greater area over which cross-diffusion 
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t of vorticity can occur. Also, the increased strength of.the main vortices, as evidenced by 
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development of pronounced subsidiary structures, provides associated regions of intense 
adverse pressure, promoting further rapid cross-diffusion and discrete opposing vortex 
generation. The stretching of the primary vortex may be an additional factor in increasing 
the rate of diffusion for the flow regime. As discussed abo,ve, the primary vortex· is 
stretched, and then moves toward the plate at one point of the cycle. The stretching tends 
to intensify the vortex, increasing the local pressure gradient beneath it, and thus 
increasing the local level of opposite sign vorticity generation at the surlace. In general, 
the instantaneous total vorticity.,in the area ABCD appears to vary cyclically, building up 
during the new vortex f onnation interval, and then decreasing rapidly due to dissipation 
. 
<luting the primary vortex stretching interval. 
, 
4.1.6 Regime 5 In Regime 5, the behavior of the main vortices is somewhat similar 
to that in Regime 4. The major difference between the flow behaviors is that in Regime 
5 the interaction of the primary and secondary vortices occurs near the cylinder-plate 
. 
, 
junction, rather than near the region. of vortex formation, as in · Regim,e 4. Vortices 
develop just downstream of the ... ,~~eparation line and convect downstream while 
significantly ·stretching about the base of the cylinder. 
Figure 4.6 is a schematic representation of the flow mechanics governing Regime 5 
behavior. In Figure 4.6(1), vorticity builds up just downstream of the line of separation. 
This primary vortex develops a counter-rotating subsidiary vortex upstream and near the 
, 0 •, 
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plate. An eruption of surface fluid analogous to that observed in Regime 4 seems to 
.. 
. sever the developing vortex from the upstream supply of vorti~ity (Figure 4.6(2) ). The 
closed vortex is moved out toward the free-stream by the influence of the counter-rotating 
vortex, and begins to c._onvect downstream. Impinging vorticity from upstream now 
amalgamates into the developing secondary vortex. The primary vortex is significantly 
stretched as it moves downstream, with much of its vorticity diffused during the process. 
Apparently, there is also some transport of vofticity along the core of the necklace 
vortices during the stretching process which helps to maintain the balance of vorticity in 
the region ABCD. In Figure 4.6(4), the weakened primary vortex approache·s the cylinder 
and is driven toward the plate by its image vorticity in the cylinder surface. The 
influences of the image vorticity in the plate and reverse flow along the plate then drive 
the primary vortex (which is quite small) upstream. In Figure 4.6(6), the primary vortex 
undergoes a coalescence with the approaching secondary vortex in a manner similar to 
Regimb 4. 
The rate of vorticity transport into the region ABCD is greater for Regime 5 than for 
Regime 4. Vorticity transport along the cores of the necklace vortices as they stretch 
seems to be much more pronounced in _Regime 5, helping to maintain the balance of 
vorticity in the region. Also, Regime 5 appears to be more -effective than Regime 4 at 
diffusing vorticity to the plate surface. 
The increased vorticity diffusion in Regime 5 relative to RegU:e 4 is facilitated by I 
a number of factors. The increased free-stream velocity results in an increase -in the 
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magnitude of the adverse pressure gradient due to t~e cylinder, the primary source of 
' 
opposite sign, cross-diffusion vorticity. The line of separation moves furthe'r upstream, 
. indicating there is a greater area over which diffusion occurs ... The behavior of the main 
vortices in Regime 5 seems to allow for more vorticity cross-diffusion than that of 
Regime 4. The increased rate of opposite sign vorticity production by the local pressure 
gradient of the developing main vortices is evidenced by the increased strength of the 
'-
previously described surface eruption. The stretching process of the main vortices also 
enhances diffusion. As the vortices are stretched, their local intensity increases, which 
amplifies the generation of opposite sign vorticity from the surf ace, thus promoting more 
rapid vorticity cross-diffusion. The structure of Regime 5 allows for the simultaneous 
existence of multiple vortices (two to four vortices were observe~ to exist at a particqlar 
time) in various stages of development. Thus, more surface area is exposed to the intense 
local pressure gradients associated with the main vortices· in Regime 5 than in Regime 4 
(for which generally no more than two main vortices exist at any time). 
Interestingly, the vorticity diffusion per cycle in Regime 5 seems to increase with 
increaing free-stream velocity. Both the production of vorticity at the leading edge of the 
plate, and the rate of convection of vorticity are linearly dependent on the free-stream 
velocity. Therefore, the rate of upstream vorticity entering the region ABCD should be 
roughly proportional to the square of the free-stream velocity. I_n section 3.3.2, 
experimental data established a linear relationship between the Regime 5 vortex 
generation frequency and free-stream velocity. Thus, to maintain a balance of vorticity 
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in the region ABCD, the vorticity diffusion per cycle must also vary with free-stream 
· velocity to counteract the influx of vorticity which is dependent on the square of the free-
,. 
stream velocity. This suggests that each necklace vortex formed in the region ABCD 
must initially have a vorticity concentration linearly proportional to the free-stream 
velocity. 
4.1.7 Upstream Pressure Characteristics 
Figure 4.7 is a non-dimensional plot of the pressure and pressure gradient behavior 
of an inviscid approach flow to a cylinder along its plane of symmetry. The pressure 
curve increases to its value at the cylinder wall rather smoothly, exhibiting little behavior 
. 
. 
valuable to the analysis of the junction flow. However, the behavior of pressure gradient 
curve does bring up several interesting points. Although the local pressure gradients 
induced by the necklace vortices certainly reduce the accuracy of the inviscid solution 
near the cylinder-plate junction, the general behavior of the inviscid solution does provide 
some insight into the flow behavior observed. 
From about X/R:::::-1.5, the pressure gradient increases rapidly to a maximum at 
X/R::::0.30, then quickly decreases to O at the cylinder surface. Flow visualization results 
presented in Chapter 3 indicate that the most upstream vortices in the various flow 
regimes are observed to form between X/R=-1.6 and X/R=-1.0, suggesting _that the 
formation of the necklace vortices is tied to this rapid increase in pressure gradient. In 
steady flow regimes~ 'Yhich multiple vortices are present (particularly Regime 2 and the 
120 
·' ! 
' 
••"'' 
' . 
sporadic~ly observed three-vortex system), the innermost or primary vortex is 
· . significantly stronger than the upstream vortices. This may be attributable to the position 
of the vortices with respect to the pressure gradient. The pricnary vortex in Regime 2 
forms at approximately X/R=-0.9 and the s~condary vortex at approximately X/R=~l.6. 
Figure 4.7 indic·ates that the magnitude of the pressure gradient at X/R=-0.9, the locatiort 
of the primary vortex, is roughly twice as large as at X/R=-1.6 (the location of the 
secondary vortex), suggesting that the strength of the vortex is affected by its relative 
formation location within the pressure gradient. The maximum rate of opposite sign 
l\ 
vorticity generation due to the pressure gradient showed occurs at the maximum of the 
pressure gradient curve. There does not seem to be any other significance to this pressure 
gradi~nt maximum as a factor determining flow regime behavior. 
4.2 Necklace Vortex Breakdown Process 
4.2.1 General The breakdown process of the laminar. necklace vortices above a 
critical Reynolds number raises a number of interesting points about the nature of 
· transitional flow behavior. First, the temporal breakdown process of the necklace vortices 
closely parallels the spatial transition of laminar. flow on a flat plate. Second, under 
'I' • 
unstable flow conditions, three-dimensional, hairp~-like distortions of the necklace 
vorti9es precede the temporal breakdown of the organized vortex behavior. This ·,i} 
observation enforces the suggestion that hairpin vortices are inlportant flow structures in 
. 
turbulence initiation. Third, the destablizing effects of the adverse pressure gradient of 
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the cylinder and the local cross-stream pressure 4 gradients caused by upstream disturbances · 
convecting into the junction region contend with the stablizing effects of the vortex 
. 
. 
stretching process in determining the condition of the flow. As Reynolds number 
J 
increases,. these destablizing effects eventually dominate, resulting in transition. A fmal 
point of interest is that disturbances dev,eloping in the necklace vortices seemed to be 
absolute in nature. The disturbances ·.were observed to feedback upstream and amplify., 
' 
causing the distortion of subsequent necklace vortices. 
0 
4.2.2 Analogy to Flat Plate Transition The temporal breakdown of the coherent, 
laminar necklace vortices observed in the present study is similar in many regards to the 
_spatial transitional behavior observed 0
1
n a flat plate as described by White (1974). The 
frrst sign of transition in flow on a flat plate is the development of Tollmien-Schilchting 
waves due to instabilities in the shear layers in a boundary layer. Breakdown of these 
shear layers results in the development of spanwise vortices. The formation of spanwise 
vortices which eventually distort.1 into the observed laminar necklace vortices is closely 
analogous to this flat plate behavior. The three-dimensional distortions in the spanwise 
vprtices developing spatially on a flat plate can be related to the hairpin-like distortions 
which develop temporaly in the necklace vortices during their breakdown. The three-
/j 
dimensionalities amplify non-linearly in both cases, leading to a rapid transition to 
disorganized flow behavior, a turbulent boundary layer in the case of a flat plate, and a 
turbulent junction vortex in the case of the cylinder-plate arrangement. 
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4.2.3 Role of "Hairpin Vortex Structures The three-dimensional distortions which 
~ 
appear in the necklace vortices during the breakdown process assume the form of hairpin 
vortices (Figure 3.13). These hairpin-like deformations will damp out in an inherently 
stable flow, or amplify in an inherently unstable flow. If the flow is unstable, the 
amplifying hairpin-like disturbances eventually result in a complete break.down of the·-
coherent laminar vortex pattern into a disorganized turbulent horseshoe vortex 
configuration .. This suggests that the hairpin-like deformations are intimately tied to the 
transitional process in this case, either acting as a manifestation of some mechanism 
leading to transition, .or serving as a mechanism to proliferate and amplify three-
dimensional 'disturbances in an unstable flow. 
After the complete breakdown of the Regime 5 necklace vortices, the junction flow 
enters the fully transitonal flow regime (Section 3 .2.2). As shown in Figure 3 .14, hairpin 
vortices form just downstream of the separation line, where the upstream laminar 
boundary layer flow meets the turbulent separated region. These hairpin vortices seem 
to develop from distortion of spanwise vortex tubes similar to those which evolve into 
necklace vortic.es in the laminar Regime 5. The frequency of formation of these spanwise 
vortices is considerably -greater than that of the spanwise vortices forming in Regime 5 . 
. The relative· scale and strength of the spanwise vortices forming in the transitional flow 
regime also appear to be smaller in magnitude than for the laminar flow regime~ probably 
. 
a result of· ·the shorter formation time during which upstream vorticity amalgamates in a __ 
developing vortex. Strong three-dimensional disturbances, fed-back from the distorted 
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flow downstream, rapidly distort these spanwise vortices into the observed hairpin vortex 
configuration. ··These hairpins rise vertically away from the plate, possibly due to mut~al 
induction of the legs, and convect downstream toward the cylinder, where they seem to 
~. ~. 
,_ 
amalgamate into a large-scale turbulent junction vortex in the separated region .. 
The hairpin vortices in the fully-transitional regime play a significant role in the 
progression from laminar boundary layer flow, upstream of the separated r~gion, · to a 
A 
turbulent junction flow in the separated region. The hairpin vortices in this case are 
• 
• 
precursors to turbulence in the sense that they serve as the mechanism through which the 
effects of three-dimensional disturbances disrupt the laminar flow. The hairpin vortices 
may also act as turbulence. generating mechanisms, developing subsidiary vortices 
I 
(Haidari, 1-990), and introducing additional three-dimensionalities into the flow. 
Regardless, the_ observation of · hairpin vortices associated with both the breakdown 
process of the laminar Regime 5 and the turbulence generating process in the fully 
transitional flow regime establishes further evidence of the role of the hairpin vortex in 
turbulent flow. 
4.2.4 Stability Factors The effect of the adverse pressure gradient imposed by the 
cylinder is clearly evidenced by the transitional behavior of the flow near the cylinder-
plate junction. The pressure gradient acts strongly on low-momentum boundary layer 
·J fluid, resulting in unstable inflectional velocity profiles. Destablization of these profiles 
leads ·10_ a breakdown of the shear layers, and. the· resultant formation of the necklace · 
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vortices. Transitional B~havior occurs when these laminar, colierent, necklace vortices 
breakdown due to small three-dimensional disturbances, which are amplified by the 
adverse pressure gradient. j. 
The destablizing effects of an adverse pressure gradient on an imcompressible 
developing flow can be illustrated by consideration of the Bernoulli equation: 
. • p v2 . 
- +gz+ =constant 
p 2 
Taking the derivative of this equation in the streamwise (x) direction and rearranging: 
~ 
au · P aP 
-=---
ax u ax 
The 1/U factor on the right side of the equation serves to amplify the effect of the 
· streamwise pressure gradient on lo,w-speed flow in relation to that on higher-speed flow. 
Consequently, disturbances in the flow convecting into the region of the adverse pressure 
gradient are amplified amd accentuated. In the particular case being studied, these 
amplified disturbances may propagate upstream, eventually disturbing the entire flow 
field. Thus, the adverse pressure gradient due to the cylinder acts as a destablizing 
influence on the impinging flow. The flow behavior documented during this study tends 
to support the validity of these observations . 
As shown in Figure 3.16, transitional behavi.or occurs at a much lower Re6• on the 
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plate in the presence of the adverse pressure gradient of the cylinder than would be 
expected on a flat plate with no pressure gradient. In the absence of a pressure gradient, 
well-established experimental results show that transition on a flat plate will occur at a 
critical Re;.=1215, which is indicated by a dotted vertical line on Figure 3.16. Note that· 
V' 
the onset of transional behavior near the cylinder-plate junction (indicated by the contour 
dividing the Regime 5 region and the transitional region) occurs a~ significantly smaller 
Re6* than obseived on a flat plate with zero pressure gradient. Thus, the adverse pressure 
gradient associated with the cylinder hastens the onset of transitional behavior. Also note 
that transition near the cylinder-plate junction occurs at smaller Re6* with decreasing 
8*/D. Since the magnitude of the adverse pressure gradient is proportional to the cylinder 
diameter, it is not suprising that transition occurs sooner as 8*/D decreases.. 
In Regime 5, the stability of the coherent, cyclic behavior is balanced between two · 
opposing mechanisms. Any convected upstream disturbance or a disturbance fed-back 
from downstream will appear in the laminar necklace vortex pattern as a local distortion 
of the vortex symmetry. Once a defonnation is present in a necklace vortex, Biot-Savart 
effects between parts of the same vortex, or in extreme cases between different vortices, 
will serve to enhance the distortions. In addition, since an adverse pressure gradient has 
a generally destablizing effect on the· flow, the adverse pressure gradient due to the 
presence of the cylinder seives to amplify any distortions in the necklace vortices. This 
is also the case for · cross-stream pressure gradients imposed off the centerline by the 
presence of the cylinder. 
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Acting in oppostion to these destablizing factors is the vortex stretching process. 
Rapid vortex stretching, such as that observed in Regime 5, reduces the effects and 
' ., 
amplitude of distortions in the p.ecklace vortices by concentrating vorticity in the vortex . 
.. 
core an4 reinforcing the geometry of the necklace vortices. Thus, the vortex stretching 
process acts to stabilize the necklace vortices. The limit of stability of the coherent, 
laminar necklace vortex behavior seems to depend on the degree to which the stretching 
process can offset the vortex deformation due to Biot-Savart and pressure gradient effects. 
,, 
The natu!e of the instability which leads to the breakdown of the laminar vortex 
pattern is also suggested by the flow visualization results. As shown in Figure 3.13, 
disturbances are ·fed-back upstream from evolving necklace vortices, and eventually 
disrupt the f onnation process of developing necklace vortices. The means by which these 
. 
...z., 
disturbances are fed upstream is not clear. However, a likely explanation is that distortion 
of the downstream vortices leads to a disruption of the associated induced flow near the 
surface. Surface flow was observed to move upstream in the separated region, and may 
act as a .feedback mechanism for the disturbances. Another mechanism is convection of 
the distorted vortex loops back upstream due to their proximity to the surf ace, with either 
transport by the reversed surf ace flow or induction by their image vorticity providing the 
transport mechanism. 
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4.3 Vortex-Induced Flow Behavior 
4.3 .. 1 General 
• 
When the necklace vortices are swept about the base of the cylinder, th~.,.vortex legs 
become oriented in the streamwise direction, before aestablizing in a region one to five 
., 
diameters downstream of the cylinder. These vortex legs offer a unique opportunity for 
the study of large-scale, isolated, streamwise vortices and their interactions with boundary 
layerll.ow. The details of the behavior of the necklace vortex legs and the associated 
vortex-induced flow are presented in Sections 3.3.3 and 3.3.4. Interestingly, the vortex 
induced flow patterns resulting from the interaction of the streamwise vortex legs and th.e 
boundary layer fluid are similar in many regards to commonly observed flow structures 
.. 
in turbulent boundary layers. Several studies (Theodorsen 1952, Willmarth and Tu 1967, 
Offen and Kline 1975, Perry and Chong 1982, Smith 1984, and Smith and Acalar 
1987 a,b) have suggested streamwise vortices, particularly the legs of hairpin vortices, as 
a dominant turbulence generating structures in turbulent boundary layers. The observation 
of eruptive vortex-induced flow behavior by the streamwise legs of the necklace vortices 
supports the assertion that streamwise vortices play a major role· in the flow mechanics 
of turbulent boundary layers. 
4.3.2 Low-speed Streaks 
Low-speed streaks of fluid in the near-wall region of turbulent boundary layers have 
~ a 
been identified as evidence of the existence of an ordered structure within turbulent 
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boundary layers (Kline et a1·. 1967, Smith and Metzler, 1983). These low-speed streaks 
destablize, ~d burst in a quasi-periodic ·manner, resulting in a viscous-inviscid interaction 
p ' 
. in which low-speed fluid is ejected into the free-stream flow. Counter-rotating streamwise 
vortices have been suggested as the mechanism behind this observed lo~-speed streak 
behavior (Smith, 1984 ). The observations made of the stream wise necklace vortex legs 
~ . 
forming about the base of a cylinder and their interactions with boundary layer fl0w 
reveal strong similarities with the low-speed streak behavior in turbulent boundary layers. 
In Figure 3.21, photographic evidence of the low-speed streaks associated with the 
streamwise necklace vortex legs is shown. The surface flow pattern marked by a 
spanwise bubble wire is very similar to flow patterns observed in turbulent boundary 
layers. A
1 
low-speed streak forms outboard of each·necklace vortex leg and follows the 
vortex as it moves toward the cylinder. Figure 4.8 shows a comparision of the low-speed 
streaks observed in the present study with low-speed streaks observed in an indepedent 
study of turbulent boundary layer behavior (Smith and Metzler, 1983). Note that the 
.,.,. 
streamwise vortex (the elongated str~eam of bubbles labeled in Figure 4.8b) is closely 
juxtaposed to and the causal agent for a low-speed streak pattern (labeled l.s.s. in Figure 
4.8b). Comparative low-speed streaks in a turbulent boundary layer are labeled l.s.s. in' 
Figure 4.8a. The similar appearance of these low-speed streak patterns suggests that they 
are the result of a similar, if not the same, flow mechanism (i.e. surface fluid eruptions 
induced by streamwise vortices). The observation of low-speed streaks associated with 
., 
the streamwise vortex legs in this study provid~s further support for the role of 
I 
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·streamwise vortices as a. dominant flow structure in turbulent boundary layers . 
4.3.3 Vortex-Induced Surface Eruptions 
Low-speed streaks in turbulent boundary layers are observed to lift away from the 
wall, oscillate,,, and then breakdown due to an unstable interaction with the higher-speed 
outer flow during a process called bursting, a primary means for the production of 
turbulent kinetic energy (Kim, Kline, and Reynolds, 1971). The streamwise necklace 
vortex legs induce an analogus behavior to that of the bursting phenomenon observed· in 
turbulent bounday layers. 
As shown in Figure 3.20, flow marked by a bubble wire near the plate penetrates 
rapidly outward from the surface due to the action of a passing vortex leg. The 
·, 
accumulation of this low-momentum fluid into this spire-like eruption results in the 
I .• 
development of an elongated low-speed streak, as discussed above. The ridge of low 
' 
' 
momentum fluid follows the motion of the vortex leg as .it sweeps in toward the cylinder, 
with the vertical penetration of this low-speed ridge increasing with downstream distance 
as-more low-momentum fluid is focused into the ridge. As this ridge penetrates well out 
into the boundary layer, the low momentum fluid appears to interact with the outer flow 
(' 
and destablize. The form of this interaction appears: to be of an inviscid-viscous nature, 
resulting in the subsequent breakdown of the ridge into hairpin-like structures in close 
proximity to: the original streamwise vortex. Figure 4.9a shows an end-view of this . 
breakdown illustrating the "mushroom" shape of.the interface between the eruptive ridge 
"· 
" 
!. 
' 
. 
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and the outer flow, as the hairpin structures form. Figure 4.9b is a schematic illustrating 
this general breakdown .process. Further downstream of this interaction region, the 
necklace vortex legs dest~b~ize and cease to maintain a coherent nature. The breakdown 
'·l 
of the vortex legs appears to be associated with the destablization of the ridge of low-
,. 
momentum fluid. The formation of hairpin-like structures in proximity to the vortex legs 
induces severe streamwise distortions in the legs. Once significant spa.Iiwise distortions 
have been induced in the formerly streamwise vortex legs, Biot-Savart interactions 
between various parts of the vortex leg will amplify the distortions, particularly as the 
flow experiences a flow deceleration in the wake of the cylinder, eventually resulting in 
a complete breakdown of the coherent legs of the necklace vortices. 
Pairs of counter-rotating streamwise vorticies have been proposed as a model to 
explain development of low-speed streaks in turbulent boundary layers, .and the cycle of 
l~ 
events leading to turbulent bursting. The observation of analogous events associated with 
the streamwise vortex legs generated by the cylinder-plate arrangement illustrates that 
streamwise vortices are certainly capable of inducing eruptive behavior similar to that 
observed during bursting in turbulent boundary layers. This tends to support the 
suggestion that streamwise vortices play a clear and intimate role in the ordered structure 
of events which precipitate the generation and regeneration of turbulence in turbulent 
boundary layers. 
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Plate Counter-rotating 
vortex 
1.) A counter-rotating structure 
is induced between the two 
main vortices. 
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Plate Image 
vortices 
3.) The primary vortex weakens 
due to dissipation. Its image 
vorticity in the cylinder forces it 
toward the plate, where image 
vorticity in the plate and reverse 
flow cause upstream motion. The' 
secondary vortex develops a 
counter-rotating structure, which 
forces it away from the plate into 
the free-stream. 
Flow 
• 
• 
• 
• 
s.v. P.V . 
2.) The velocity field of the counter-
rotating vortex forces the primary 
vortex away from the_surface, 
toward the free-stream, and the 
secondary vortex down toward the 
plate, where image vorticity and 
reverse flow cause upstream motion. 
Flow 
• 
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Plate 
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Cylinder 
Wall 
4.) The primary vortex moves 
upstream due to the pressure 
gradient-induced reverse flow 
as well as its image vorticity in 
the plate. The secondary vortex 
moves downstream due to 
convection. The cycle then 
repeats. 
Figure 4.4 Schema~ic Representation of Regime 3 Flow Mechanics. 
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2.) The primary vortex is driven away 
from the plate by the velocity field of 
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4.) The secondary vortex develops a 
counte(-rotating vortex which drives 
it away from the plate. The primary 
vortex is weakened by dissipation, and 
affected by its image vortex. 
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Figure 4.5 Schematic Representation of Regime 4 Flo·w Mechanics. 
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surface by the velocity field of the C.R.V., and 
a secondary vortex begins to form upstream. 
Flow 
.. 
.. 
.. 
S.V. P.V. {I Cylinder 
:1 Wall 
0 
.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·,·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·,·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·
.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·.·. 
' 
-:-:-:-:-:-:-: -: -:-:-:-:. :-:-:-: -:-:-:-:-: -: -:· :-:-:-:-:-:-: -:· :-:-:-:-:-:-:-:-:-:-:-:-:-:-: .. :-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-: •:.: •:• :-:-:-:-:-: •: -:-:-:-:-:-:-:-
Plate Image vortex 
4.) As the primary vortex approaches the 
cylinder, its image vortex forces it 
toward the plate. Meanwhile, the 
secondary vortex begins to move 
downstream due to convection. 
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Plate 
6.) The primary and secondary vortices 
amalgamate as shown near the cylinder-
plate Junction, and assume the role of 
the new primary vortex. A new 
secondary vortex forms upstream. 
Figure 4.6 Schematic Representation of Regime 5 Flow Mechanics. 
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Figure 4.7 Pressure Characteristics. for lnv_iscid Approach Flow to a 
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a) Low-speed streaks in a turbulent boundary layer 
photographed by Smith and Metzler, 1983. 
streamwise 
vortex 
b) Low-speed streak caused by the streamwise portion of 
a laminar, necklace vortex. Rea* =450 
· Figure 4.8 Comparison of Plan-View Hydrogen ·Bubble Visualization ,of Flow 
Near the ,Surface Beneath: A) a Turbulent Boundary Layer, and . 
B) the Streamwise Portion of a Necklace Vortex. 
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streamwise vortex nairpin vortex 
a) End-view photograph showing the destablization and breakdown of a 
low-speed ridge induced by a streamwise neckla,ce vortex leg. 
cylinder 
/// 
flow 
i 
' / 
I 
. , -- -- . ...._ 
~treamwrse 
necklace 
vortex legs 
train of hairpin-like 
vortices 
• mirror 
• view 
destablization 
low-speed 
ridge 
b) Schematic illustrating the general breakdown 
process of the low-speed ridge. 
Figure 4.9 Characteristic$ of the Destablization and Breakdown of the Streamwise 
Necklace Vortex Legs and their Associated Flow Structures. 
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5. CONCLUSIONS 
. 
. 
The present study investigated the flow behavior near a cylinde!-end wall junction, 
using both hydrogen bubble visualization and hot-film anemometry. From the results 
,·obtained during thi~ study the fallowing points are concluded: 
1.) Above a threshold Reynolds number, a system of necklace vortices forms about the 
base of the cylinder due to the pressure gradient-induced breakdown of the shear layers 
~ 
of the ·approaching boundary layer flow. Depending on the flow and geometric condition, 
five distinct laminar flow regimes can develop, characterized by: 1) a single steady 
necklace vortex, 2) two steady necklace vortices, 3) two oscillatory necklace vortices 
which do not interact, 4) two oscillatory necklace vortices which do interact, and 5) 
periodic necklace vortices which form near the primary separation line, convect 
' 
downstream, undergo significant vortex stretching, and amalgamate near the cylinder end-
wall junction. 
2.) The appearance of the various flow regimes is dependent on the following flow 
parameters: free-stream velocity, cylinder diameter, fluid viscosity, and streamwise 
location. The determination of which flow regime will be present under a given set of 
flow conditions is complicated; a flow regime chart was constructed which provides a 
rough characterization of the regime development. 
i 
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3.) The periodicity of Regime 5 was careful!y examined and found to be dependent upon 
free-stream velocity, cylinder diameter, fluid viscosity, and streamwise location. · The 
~ 
• 
frequency of the periodic necklace vortex behavior increases linearly with free-stream 
velocity, decreases with increasing cylinder diameter, and decreases with increasing 
I ..... 
stream wise location. The frequency of the periodic necklace vortices was found not to 
be a function of the Strauhal cylinder shedding frequency. 
4.) Above a critical Reynolds number, disturbances in the necklace vortices are 
amplified, and fed back upstream, affecting subsequent vortices. These disturbances 
typically assume the form of hairpin-like· distortions, caused by non-uniform rates of 
stretching of the necklace vortex tubes. The necklace vortex system eventually loses 
coherency as the amplified disturbances grow, with Biot-:-Savart and adverse pressure 
·· · · 
1 gradient effects rapidly distorting the organized vortex system. A transitional flow regime 
results, dominated by a large.:.scale turbulent horseshoe vortex~ 
5.) In the laminar flow regimes, particularly Regime 5, the streamwise legs of the 
neckla~e vortices precipitate surface behavior analogous to that observed in the.near-wall 
\.:.( 
,_ 
\. ,,,. 
,/ ~ . : 
region of turbulent boundary layers. An eruptive ridge of low-momentum flow, or a low-
speed streak, is induced by the local pressure gradient imposed by each streamwise vortex 
f 
• 
leg. A burst-like event is observed when these low-speed streaks grow to a point of 
• 
interaction with the· outer. flow, __ yielding a train of hairpin vortices emanating from_ the 
141 ... 
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eruptive ridge. 
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., Frequency Data for·2.5 cm Gylinder (sec-1) 
" 
, 
. Flow Velocity x=0.30-m x=0.91 m x=l.52 m x=2.13 m 
" 
0.100 m/s 0.532 0.500 0.500 
. 
-----
0.110 m/s 0.795 0.638 0.612 0.521 
.. 
0.120 m/s · ·0.972 0.729 0.636 0.612 
.. 
... 0.129 m/s 1.111 0.849 0.763 · 0.673 0 
.. 
0.139 m/s 1.364 ' 0.980 0 .. 873 0.800 
. . 
. . 
.. ' . 
Frequency Data for 8.9 cm cylinder {sec-1) 
., 
Flow Velocity x=0.30 m x=0.91 m x=1~52 m x=2.13 m 
0.061 m/s 0.303 0.248 0.221 .. 0.168 
· 0.071 m/s 0.375 0.328 0.397' 0.224 
0.080 m/s 0.465 0.364 0.333 0.300 
.. 
0.090 m/s 0.563 0.417 0.377 0.318 
. 
. 
0.100 m/s 0.700 0.500 0.455 0.380 
O.llOm/s 0.769 0.532 0.500 0.435 
0.120 m/s · 0.900 0.614 0.577 -----
' 
., 
0.129 m/s ,•. 1.029 0.738 ----- -----
0.139 m/s 1.250 0.833 ----- -----
·' 
Regime 5 Necklace Vortex Frequency Data taken at Fixed Locations over a 
Range of V elocitiess (Figures 3.17 and 3.18) , , 
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Frequency Data for 24.1 cm cylinder (sec-1) 
.. . 
. 
Flow Velocity x=0.30 m . x=0.91 m x=l.52 m x=2.13 m 
. 
0.051 m/s 0~179 0.168 
. 
----- -----
0.061 m/s 0.256 0.210 ----- -----
. 
' 
0.071 m/s 0.328 0.267 ------ -----
. 
0.080 m/s 0.404 0.314 -.---- -----
0.090 m/s 0.465 ----- ----- -----
.. 
0.100 m/s 0.563 ----- ----- ------
. . . 
' 0.110 m/s 0.610 ----- ----~ ·-----t 
. 
. 
,-........_ _____ .,..,~ 
Regime 5 Necklace Vortex Frequency Data taken at Fixed Locations over a 
Range of Velocities ( cont.). (Figures 3.17 and 3.18) 
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Frequency Data for 2.5 cm cylinder (sec-1) ' 
,; 
" 
Flow Velocity . x=0.30 m. .. x=0.91 m · x=l.52 m 
7 
.x=2.13 m 
O.llOm/s 0.800 0.625 0.600 · 0.525 
,. 
0.120 m/s · 1.000 0.737 0.636 0.600 
0.129 m/s . 1.083 0.883 0.767 0.667 
0.139 m/s 1.317 0.983 0.867 0.817 
' 
' Frequency Data for 8.9 cm cylinder (sec-1) 
Flow Velocity x=0.30 m x=0.91 m x=l.52 m x-2.13 m . 
. 
0.061 rn/s 0.300 0.250 0.217 0.168 
q. 
0.071 m/s 0.375 0.342 i 0.300 0.225 
f 
0.080 m/s 0.500 0.367 0.350 0.300 
.. . . 
. 
0.090 m/s 0.550 0.417 0.367 ./ o ..318 
/ 
0.100 m/s 0.717 0.517 . 0.467 I 0.383 
. 
. 
0.110 m/s 0.767 0.533 0.500 0.442 
Frequency Data for 24.1 cm cylinder (sec-1) 
Flow Velocity x=0.30 m x=0.91 m x=l.52 m x=2.13 m 
0.051 m/s 0.211 0.201 0.171 -----
< 
0.061 m/s 0.296 0.251 0.211. -----
0.071 m/s 0.358 0.256 --·--- -----
0.080 m/s 0.426 . 0.308 ----------
. 
Regime 5 Necklace Vortex' Frequency Data taken at Fixed Velocities 
Over a Range of Locations. (Figure 3.19) 
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